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ABSTRACT
The potential for the bioremediation of
contaminated subsurface environments has led to
investigations of the microbial ecology of various
subsurface environments throughout the United States,
including arid western regions.

Initial research was

conducted in uncontaminated sites and findings were to
be coitpared with those from contaminated areas. Tunnel
systems within the deep subsurface of Rainier Mesa,
Nevada Test Site, afforded a unique opportunity to
study microbial ecology because large amounts of
material could be aseptically sampled with relative
ease compared to drilling operations.
Characterization of the microbiota within and
between tunnel systems in Rainier Mesa demonstrated
that bacterial communities were present in strata
ranging from 50 to 450 m depth.

These microbiota were

heterogenously distributed as were those from 19
samples taken within a 21 mt^ section of rock from 400
m depth.

Analysis of microbial communities along an

elevational gradient included characterization of
surface soil, a paleosol, volcanic rock (from an
outcrop), zeolitized subsurface rock, fracture flow
water, and outflow spring water.

The unique microbial

communities recovered from these various sites
Xll
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provided evidence that endolithic bacterial
communities within the deep subsurface of Rainier Mesa
have been in place for long periods of time.
An analysis of subsurface samples before and
after storage indicated that the recoverable microbial
communities increased in abundance and decreased in
diversity with prolonged storage.

Some of the change

in microbial communities with storage could be
attributed to the proliferation of a few "weed"
bacterial types.

However, the recovery of new

bacterial types throughout storage suggests that
dormant bacterial types may be "awakened" due to some
aspect of sampling or sample handling.

These

experiments demonstrated the need to minimize sample
perturbation and storage time before analysis.
The heterogenous distribution of microbiota in
zeolitized rock with negligible water flux, and the
recovery of new bacterial types as a result of
storage -related phenomena, provide mounting evidence
that the bacteria extant within the subsurface of
Rainier Mesa were dormant bacterial types.

These

bacteria may have survived for extended periods of
time, but because they may be isolated in
microhabitats as dormant forms, they may not be
influenced by or be influencing their current
surroundings.
iv
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CHAPTER 1

INTRODUCTION
Until recently, it was not widely accepted that
viable microbiota existed beneath the soil profile,
i.e., beneath the root zone. Therefore, descriptions
of the microbial ecology of the terrestrial subsurface
tended to include only the shallow subsurface (Qhiorse
and Wilson, 1988; Wilson, et al., 1983) . Although a
few researchers in the 1960s reported the recovery of
viable microbes from deeper subsurface environments,
such as petroleum reservoirs and sulfur deposits
(Davis, 1967; Kuznetov, et al., 1963), probable
contamination of subsurface materials during drilling
tainted their findings (Ghiorse and Balkwill, 1983) .
The advent of novel drilling technologies in the 1980s
(Wilson, et al., 1983; Colwell, et al., 1992;
Chapelle, et al., 1987; Phelps, et al., 1989), and the
ability to sample into the walls of deep subsurface
tunnel systems (Amy, et al., 1992; Christofi, et al.;
Haldeman and Amy, 1993; Haldeman, et al., 1993) has
now demonstrated the presence of viable microorganisms
from deep subsurface environments (30-2,800 m depth) .
1
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Investigations describing the abundance, distribution
and ecology of subsurface microbiota are the center of
a burgeoning field of study.

General Issues
Much of the impetus behind subsurface research is
fueled by the fact that alterations of subsurface
environments can be attributed to the presence or
activity of bacteria. In addition to the role microbes
play in biogeochemical cycling, subsurface bacteria
are known to be important in processes varying from
the souring of oil (Voordouw, et al., 1991) to the
degradation of toxic materials (Brockman et al., 1989;
Fredrickson et al., 1991b; Hazen, 1991).

To

successfully prevent or alternatively, to encourage
microbial activity in these situations, and to
effectively monitor the results of remediation or
other projects in the subsurface environment, an
understanding of basic microbial ecology is essential.
Relationships of microbes to their geochemical and
physical environments (Fredrickson, et al., 1989;
Whitelaw and Reese, 1980), their transport properties
(Camper, et al., 1993; Sharma, et al., 1993; Yates and
Yates, 1988), their physiological capabilities (Amy,
et al., 1992;

Balkwill, et al., 1989; Fredrickson, et

al., 1991a) and their survival characteristics (Amy,
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3
et al., 1993) are current topics of research.
Dégradâtive, physiological, and gene transfer
potential in subsurface environments are also
important areas of research, both in the consideration
of indigenous bacterial communities and injected
exogenous microorganisms.

The pollution of

underground water supplies with pathogens has
increased interest in microbial transport and
persistence of pathogens in subsurface environments as
well (Yates and Yates, 1988).

Aquatic Samples
Most work characterizing the microbiota from deep
subsurface environments has been conducted in aquifer
environments, often relying on well water samples
(Hirsch, 1992; Kblbel-Boelke, et al. 1988;
Stetzenbach, 1986) .

Protocols for sampling well water

have included flushing wells before obtaining samples
for microbiological analysis (Hirsh, 1992). Concerns
remain vdiether or not the true indigenous microbiota
were characterized.

The possibility that bacterial

populations introduced from the surface colonized the
boreholes could not be excluded.

Additionally,

bacteria in oliogotrophic environments, such as
uncontaminated groundwater (Wilson, et al., 1983), are
known to attach to surfaces (Fletcher, 1991; Marshall,
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1988; Poindexter, 1981) and thus may not be detected
in well water (Ghiorse and Wilson, 1988; Hirsch,
1992) .

Sediment Samples
Work with sediment bacteria was initiated by the
Environmental Protection Agency to determine, the
presence, abundance and diversity of microbiota from
subsurface sediments (Ghiorse and Wilson, 1988) .
These studies focused on the development of aseptic
drilling techniques and microbiological methods that
could be adapted for the study of subsurface bacteria.
(Balkwill and Ghiorse, 1985; Beloin, et al., 1988;
Bone and Balkwill, 1988) .
As a part of the Subsurface Science Program, the
Department of Energy (DOE) developed a Deep
Microbiology Subprogram in 1986 to gain a better
understanding of the microbial ecology of subsurface
environments.

They hoped to utilize microbes for

cleanup efforts at contaminated DOE facilities
(Department of Energy, 1989) .

In the first phase of

the subprogram, several boreholes were drilled at the
Savannah River Site (SRS) in South Carolina with the
specific intent of studying microbiota and the
sediment in which they were entrained.

A major goal

was to discern predictive relationships between

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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microbiology and geology that would expedite the
characterization and remediation of contaminated
sites.

Boreholes were drilled, and sangles for

microbiological and geochemical analyses were taken in
different sediment types both across and within
geological formations (Phelps, et al., 1989).
Surprisingly, at the time, abundant and diverse types
of microbes were recovered, not necessarily decreasing
in number or diversity with depth (Balkwill, 1989;
Fliermans, 1989). In addition to heterotrophic
bacteria, viruses, phototrophs, protozoa, and
lithotrophic bacteria were recovered (Bradford and
Gerba, 1991; Eleuterio, 1991; Fredrickson, 1989;
Sinclair and Ghiorse, 1989) . Some microorganisms with
potential for contaminant degradation were recovered
(Brockman, et al., 1989; Fredrickson et al., 1991b),
but few correlations between microbiology and geology
were discovered.

The only significant correlation

determined from the Savannah River site was a negative
one between decreased microbial abundance and particle
size (Fredrickson, et al., 1991a).
New drilling technologies, utilizing conservative
tracers for quality assurance, have subsequently been
developed and engloyed at two western Department of
Energy (DOE) facilities. The Hanford Reservation (HR),
Washington and the Idaho National Engineering
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Laboratory (INEL)in Idaho Falls, Idaho.

In an effort

to characterize the microbial ecology of these
subsurface environments (those with large vadose zones
and including alluvial deposits, sediments and basalt
formations), uncontaminated areas were selected for
extensive microbiological and geological
characterization.

These projects determined that

there was microbial and geological heterogeneity
within and between geological formations, but low
numbers of microbes were observed. Except for surface
communities, sedimentary interbeds at INEL and
paleosol layers at HR were found to have the highest
abundances and activities of microbes (Brockman et
al., 1992; Colwell, 1989; Kieft, et al., 1993).

Nevada Test Site
The Rainier Mesa, Nevada Test Site (NTS), NV
(Figure 1, i^pendix I) was selected as an additional
site for characterization, and it provided an
opportunity to sample without the necessity of
drilling.

At the NTS, 26 km of tunnel systems from 50

to 450 m depth were accessible, and importantly, rock
samples could be collected from the sides of the
tunnels without the expense of drilling and without
the concern of contamination by drilling fluids.

This

site afforded the opportunity for sampling in three-
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dimensions on large (km) scales within tunnels U12b,
U12g, U12n, and U12p and on a smaller (m) scale within
a the U12n tunnel system.

Because large amounts of

subsurface materials could be obtained, sampling
within tunnels allowed for microbiological,
geochemical and geological analyses as well as
investigation of long-term perturbation experiments.
Further, various geological formations were exposed.
Rainier Mesa was formed by successive volcanic events
that resulted in the deposition of layers of ash fall
tuff (Figure 1, Chapter 5) . Dependent upon the
depositional temperature, the tuff may have been
welded and glass-like (high temperature of deposition)
or more friable in nature (Russell, et al., 1988) .
Additionally, tuff within a perched water zone, was
reworked by water over thousands of years, forming
beds of zeolitized tuff with decreased permeability
(Russell, et al., 1988).

Fractures exist within some

rock strata (Russell, et al., 1988), and a free
flowing fracture in tunnel U12n allowed sampling of
fracture water as well as the rubble rock and clay
that were found at the base of the fracture.

Overview
Nearly all of the work that has been conducted at
the NTS is presented in this dissertation, either in
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chapters or as appendices. [A paper by Kieft et al.,
(1993), that relates the abundance and activities of
microbiota to water potential from various vadose zone
environments includes data from NTS samples as well as
from other western sites.]

The following is a brief

chronological introduction to the research at Rainier
Mesa.

The chapters are either published manuscripts

or manuscripts submdtted for publication of which I am
was the first author.

The appendices contain

manuscripts of which I was co-author and are in press
or accepted for publication.

Pilot Investigation
Of primary concern in the first NTS sampling
efforts was the question of microbe viability.

In a

pilot study (Amy, et al., 1992, appendix I) conducted
in 1989, culturable organisms were recovered using
several media from three rock and one water samples
taken at approximately 400 m depth.

Characterization

of purified isolates, morphologically and
physiologically, demonstrated that different types of
microbes were recovered from the four locations within
one tunnel system. Further, it became obvious that
conventional identification techniques such as APIrapid NFT strips (21 physiological tests), BIOIOG (96
physiological tests)identification plates, and MIDI
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(fatty acid methyl ester) analysis, either failed to
provide identifications at high levels of
acceptability, or did not agree.

Because of the

difficulty in identifying microorganisms by any
current method, and because the volcanic tuff beds
that are extensively zeolitized e^^erience low water
flux due to low permeability, it was hypothesized that
endolithic bacteria within these rock beds may
represent species viiose cells have been entrained in
the rock for extremely long periods of time.

The

pilot study also indicated that the recoverable
microbial community changed during sanple storage,
even though storage temperatures (4°C) were selected
to minimize microbial activity.

The pilot study thus

led to three lines of investigation; 1)

microbial

characterization of the subsurface tunnel systems
within Rainier Mesa, 2) the determination of microbial
community change during sample storage, with special
emphasis on changes that occur in the culturable
community, and 3) the investigation of the possibility
that endolithic microorganisms have been isolated from
the surface for long periods of time.

Tunnel Survey -Chuter 2
In the summer of 1990, samples from tunnels,
U12b, U12g, U12n, and U12p (Figure 2) were obtained.
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Additional methods were used to describe microbial
distribution on a large scale (Im -2km), and from a
variety of rock strata including those within the
saturated and vadose zones.

Different plating and

enrichment media, and incubation temperatures were
employed to recover maximal microbial diversity.
Other researchers have demonstrated that medium
composition affects the recovery of heterotrophic
microbial communities, and that dilute media allows
better recovery of microorganisms from oligotrophic
environments (Gonzalez-Lopez and Vela, 1981; Hattori,
1980; Horowitz, et al., 1983; Martin, 1975).
Fluorescent direct counting techniques and
determination of total biomass by phospholipid
extraction (and subsequent determination of liberated
P04 ^‘) were used to determine the abundance of nonculturable organisms.

In most natural environments,

total cell numbers are greater than culturable cell
numbers (Marxsen, 1988; Olsen and Bakken, 1987;
Torvisk, et al., 1990; Trolldenier, 1973), but in some
sediments at SRS, the culturable and total numbers of
microorganisms were nearly the same (Fliermans, 1989) .
The relationship of culturable to total bacterial
numbers had not been determined in the NTS tuff. One
example of each distinct type of culturable organism
(based on colony morphology) was characterized and it
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was determined that unique microbial types were
present at each location. The abundances of particular
bacterial types were utilized to calculate and compare
diversity indices for each location. Previous
subsurface work described diversity in terms of the
number of kinds of organisms recovered from samples,
not their relative proportion to all recoverable
microbiota (Amy, et al., 1992; Balkwill and Ghiorse,
1985,; Bone and Balkwill, 1988;Brockman, et al, 1992;
Fredrickson, et al, 1991a; Ghiorse and Balkwill, 1983;
Hirsch, 1992).
Additional quality assurance measures were used
during sampling in the tunnel survey to insure the
recovery of representative subsurface material for
microbiological analysis.

Assurance measures included

determiining the influence of dust during sampling and
if surface contamination of the tunnel walls
influenced endolithic microbiota.

Diversity within a Colony Morphotype - Chapter 3
Initial research of the subsurface at SRS and in
the tunnel survey at NTS was focused on the
quantification and recovery of microbial diversity,
and relied on the selection of one of each unique
colony type for characterization.

At this time, it

became important to test the validity of selecting a
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representative colony type for analysis based on
colony morphology.

An experiment was conducted to

determine the extent of diversity within a single
colony morphotype; i.e., the potential diversity that
may have been ignored by selecting only one isolate
among many colonies that looked identical.

Although

diversity has been reported lost when using an
approach such as the selection of a representative
colony by morphotype (Kblbel-Boelke, et al., 1988;
Torvisk, et al., 1990), isolates from the NTS that
appeared similar on initial isolation plates were all
related at the genus level; most were related at the
species level or closer.

Thus, the selection criteria

used in the initial (and subsequent) site
characterization provided a method for the selection
of microbiota for study that could be feasibly
manipulated, although some diversity was undoubtably
lost, specifically variation within a species.

Microbial Distribution within a 21 n? rock section Chapter 4
In the fall of 1990, an e^geriment was conducted
to describe the distribution of microbiota in three
dimensions, specifically within a 21 mf section of
deep subsurface rock.

Use of the Alpine miner

followed by hand chipping was employed in this effort.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

13
Microbiology and geology/geochemistry were compared as
a result of this sampling effort (Appendix II) and a
benchmark core was drilled into the rock section
before it was mined, to compare sampling methods
(Appendix III) . Previous research using samples
obtained from boreholes did not allow sampling to be
conducted in three dimensions on this scale, and
because the use of cores did not provide enough
subsurface material for extensive
geological/geochemical analyses of adjacent material.
Work describing the lateral distribution of microbiota
relied on samples from separate boreholes.
Microbiological analysis of bacteria recovered
from the rock section included MIDI analysis (fatty
acid methyl ester/gas chromatography) . At that time,
the MIDI system was not in widespread use for the
identification of environmental isolates, especially
those from the subsurface.

An important advantage of

MIDI analysis was its ability to cluster organisms
into relatedness groups such that the distribution of
microbes within the rock section could be discerned,
even if they could not be individually identified.
Previous work in the subsurface of SRS relied on
physiological characteristics generated from API-Rapid
NFT test strips.

This method of comparing bacteria

had limited utility in some instances because many
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bacteria that had the same API profile were determined
to be quite different by genetic methods (Jiminez,
1990) .

Ccmparison of Microbiota Along an Elevational
Gradient - Chapter 5
In 1991, microbiota recovered along an
elevational gradient, including surface soil,
subsurface strata along an outcrop, subsurface tunnel
strata, fracture water and outflow spring water were
compared. This work was initiated because
geochemical/geological data indicated that the
zeolitized rock beds of Rainier Mesa allowed
negligible water flow, except in fractured zones, and
thus probably limited microbial transport by matric
flow to depth in the recent past.

Further, initial

characterization of organisms recovered from
zeolitized rock in the pilot study indicated that some
isolates were capable of long-term starvation survival
(appendix IV) . The hypothesis was that if surface
microbiota had been rapidly transported to depth,
similar microbial communities would be recovered from
all depths.

Investigation included comparison of most

probable number determinations (MPN) utilizing several
media, total cell enumerations, and the comparison of
culturable microbiota.
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Storage Related Phenomena - Chapters 6, 7 and 8
Because changes in the recoverable microbial
community were observed in the pilot study, subsequent
trips to the NTS incorporated the use of rapid
transport of samples to the laboratory and immediate
initiation of analysis.

Previous research conducted

on samples recovered from the deep subsurface at SRS,
was done on a collaborative basis involving
researchers around the country. Thus, samples for
microbiological analysis were necessarily subjected to
shipping and storage until analysis could be
initiated.

It became important to describe and

disseminate information concerning storage- related
phenomena to other researchers in the Deep Subsurface
Science Program and to those involved in
bioremediation studies. Research to describe storagerelated phenomena was conducted with the tunnel survey
samples, both mined and cored samples from the 21 mf
rock section, and rock obtained on several independent
sampling trips.
In the first storage experiments, different
temperatures of incubation and types of media were
employed to describe storage-related phenomena.
Because the best recovery was found on R2A agar and
because samples are commonly stored at 4°C by
imicrobial ecologists (Atlas and Bartha, 1987; Wollum,
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1982), the first storage experiments tracked microbial
recovery using these conditions (Chapter 6) . These
experiments utilized the MIDI system to describe
isolates that were recovered at different times
throughout sample storage.
Many questions arose concerning mechanisms of
microbial change in stored samples.

Previous reports

concerning increased organism abundance in aqueous
samples during storage have attributed the change to
nutrient concentration on surfaces of containers and
subsequent colonization by microbes (Zobell, 1943) .
However, the issues addressed included the description
of recoverable coimmunities in different types of
samples (subsurface clay, water, and rock of different
moisture content)

(Chapter 7), and the effects of

temperature on storage-related phenomena (Chapter 8) .
An underlying theme in experiments was to
determine the roles of proliferation of specific
microbial types and/or the resuscitation of dormant
organisms in storage-related phenomena.

Experiments

described in Chapter 6 made use of the relatedness of
specific isolates to determine vhich microbial types
changed in abundance throughout storage.
Additionally, the physiological characterizatics and
growth rates of isolates recovered at different times
throughout storage were compared to determine if
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specific bacterial types recovered after sample
storage had a competitive advantage. Experiments
described in Chapter 7 utilized the fluorescent dye 5cyano-2,3-ditoyl tétrazolium chloride (CTC) to
determine if the number of viable but non-culturable
cell nuiribers changed in stored samples.

This

technique was used with subsurface material because
the use of non-fluorescent tétrazolium indicators of
respiration could not be used due to the small size of
many subsurface bacteria and interference created by
rock particles.

The purpose was to determine the

relative changes in viable counts and culturable
counts. In Chapter 8, phospholipid fatty acid methyl
ester (PIiFA) analysis was employed to determine entire
community shifts in comparison to changes in
culturable communities.

PLFA analysis is a relatively

new technique that is being increasingly utilized to
characterize environmental samples. The types and
abundances of fatty acids recovered in a
chloroform/methanol extraction can be used to
determine microbial abundance, inclusive of viable,
culturable, and dead cells, as well as the presence of
specific microbial groups based on signature fatty
acids (Balkwill, et al., 1988; Smith, et al., 1986).
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Discussion - Chapter 9
The discussion of this dissertation summarizes
the results of research characterizing the microbiota
of Rainier Mesa. It includes issues related to
sampling within tunnel systems, and implications of
storage-related phenomena for tmicrobial ecologists in
general.

Finally, comparisons between the types and

distribution of microbiota recovered from the
subsurface of NTS and other characterized sites will
be discussed.
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CHAPTER 2
BACTERIAL HETEROGENEITY IN DEEP
SUBSURFACE TUNNELS AT RAINIER
MESA, NEVADA TEST SITE

This chapter has been accepted for publication in
Microbial Ecology and is presented in the style of that
journal. The complete citation is:
Haldeman, D. L., and P. S. Any. 1993. Bacterial
heterogeneity in deep subsurface tunnels at
Rainier Mesa, Nevada Test Site. Microb. Ecol.
25:183-194.
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ABSTRACT
To characterize the deep subsurface
environnment of Rainier Mesa, Nevada Test Site, rock
samples were taken from tunnels U12b, U12g, U12p, and
U12n, which varied in depth from 50 to 450 m and in
gravimetric moisture content from 4% to 27%.

Values

for total count, viable count, biomass, Simpson
diversity, equitability, similarity coefficient and
number of distinct colony types indicated
microbiological variability between samples. Viable
counts ranged from less than 1 x 10^ to 2.4 x 10^ CPU/
g dry wt of rock.

Direct counts and enumeration based

on phospholipid determination indicated larger numbers
of cells / g dry wt of rock than viable counts.
Simpson diversity indices, equitability, and numbers
of distinct colony types varied from 3.00 to 8.05,
0.21 to 0.89, and 7 to 19, respectively, and indicated
heterogeneity between samples.

Each distinct

morphotype was purified and characterized.

Gram

reaction, morphology, metal and antibiotic
resistances, and metabolic activities of each isolate
affirmed spatial variability among miicrobiota isolated
from different locations.

Most probable numbers (MPN)

of nitrifying, sulfur oxidizing, and sulfur reducing
bacteria were below the limit of detection in all
samples, while the numbers of nitrogen fixing bacteria
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ranged from below the level of detection to 7.8 x 10cells/ g dry wt of rock sample, and the numbers of
denitrifying bacteria ranged from below the level of
detection to greater than 1.6 x 10 ^ cells/ g dry wt
of rock sample.

INTRODUCTION

Pollution of deep subsurface environments and the
possibility of unsaturated zone (vadose) contaminants
leaching into ground water, have stimulated interest
in bioremediation, and thus, the microbial ecology of
the deep subsurface.

Studies currently being

conducted as part of the Deep Subsurface Microbiology
Subprogram funded by the Department of Energy focus on
characterization of the geology, geochemistry, and
microbiology of uncontaminated sites (9) . Research
has been completed or initiated at Savannah River
Plant, Idaho National Engineering Laboratory, Hanford
Reservation, and the Nevada Test Site (NTS),
(4,5,11,13,14,22).
Sediment, unconsolidated materials, and rock
samples for microbiological studies at Savanah River,
Idaho, and Hanford were obtained by drilling boreholes
and removing core sections (22) . Any potentially
contaminated outer layers of cores were aseptically
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pared before microbiological characterization was
conducted (14).

These samples were used to study the

distribution of microbiota vertically, to depths over
250 m at some sampling locales (5), and to determine
the distribution of microbiota from boreholes in
various rock formations (13).
While samples from drilling projects provide
valuable data on vertical distribution of microbiota,
the availability of more than 26 km of accessible
tunnels in Rainier Mesa, NTS, provides an opportunity
to assess the spatial variability of deep subsurface
microbiota in three dimensions.

Rock samples at the

NTS can be obtained by hand from the walls of existing
tunnels after first producing fresh surfaces of rock
with sterile tools.

Alternatively, new tunnel

sections 5-6 m in diameter can be excavated with an
alpine miner, and can then be hand sampled.

Both

techniques allow for three-dimensional sampling on
both large and small scales.
The purpose of this study was to determine if
viable bacteria could be recovered from rock samples
taken from four tunnel systems within Rainier Mesa
that vary in depth and differ in moisture content.
The basic microbial ecology of these tunnel systems is
described.

Studies on this scale are a necessary

first step in determiining spatial variability for
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future subsurface remediation efforts.

METHODS

Geology and sample locations.

Seven rock samples

for microbiological analysis were obtained from tunnel
systems U12b (sample B), U12g (samples G1 and G2),
U12n (samples N9 and N19) and U12p (samples PI and
P2) . The tunnels are from
Mesa, NTS.

1-10 km apart in Rainier

All samples were taken from oxygen

saturated environments and were collected and analyzed
in the same.

The physical characteristics of samples

taken from various volcanic strata underlying the mesa
are shown in Table

1

.

Media and solutions.

A low nutrient medium,

that supports growth and provides enhanced pigment
production by organisms recovered from potable water
(23), was used in this study.

R2B contains yeast

extract, 0.5 g; proteose peptone, 0.5 g, casamino
acids, 0.5 g; soluble starch, 0.5 g gluscose; 0.5 g;
sodium pyruvate, 0.3 g; K2HPO4 , 0.3 g; MgS 04 *7 H 2 0 , 0.05
g per liter of deionized water, pH 7.2.

R2A (Difco)

is compositionally the same as R2B, with 1.5% w/v agar
added.

Artificial pore water (APW) (1), a

formulation developed to mimic chemical analysis of
pore water from Rainier Mesa, was used to create rock
slurries and for diluent for viable cell counting.
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Iron peptone agar (Difco) was used to detect
sulfur-reducing bacteria.

Bacteria were tested for

nitrification in a medium containing IV^COs,
(«5 4 )2 8 0 4 , 2.0 g;

K2 HPO 4 ,

10.0

g;

1.0 g; MgS0 4 *7 H2 0 , 0.5 g;

NaCl, 0.3 g; FeS0 4 *7 H2 0 , 0.03 g per liter of deionized
water (7) .

Incubated tubes were tested for

N O ,'

formation from NH4+ by mixing three drops of
Trommsdorf's reagent (7) with one drop of dilute
sulfuric acid (1:3 conc.) on a spot plate.

After

transfer of one drop culture medium, a blue-black
color indicated the presence of nitrite.

Nessler's

reagent (26) was used to determine the presence of
ammonia.

The presence of sulfur-oxidizing bacteria

was determined by a modified method of Frederickson,
et. al. (14); the medium contained KH2PO4 , 3.0 g;
iy^0 4 *7 2 0 , 0.5 g; CaClz, 0.25 g; (NH4)S0 4 , 0.2 g; FeS0 4 ,
0.005 g per liter of deionized water, pH 5.0.
Approximately 0.5 g elemental sulfur was microwavesterilized (Sharp, R-4060W) and added aseptically to
tubes containing 5 ml of sterile sulfur-oxidizing
medium.

A positive test was indicated by a drop in pH

to 2.8, determined by pH paper (Hydrion) . Nitrate
reducing bacteria were enumerated in 5ml R2B broth
containing 0.1%

KNO3 .

Tubes were qualitatively

scored for NO2' and Ng (26) . The number of nitrogen-
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fixing bacteria was determined in 5 ml tubes of
nitrogen-free semisolid agar containing bromothymol
blue as a redox indicator (26) . With medium color
change from green to blue, a loopful of positive
culture was transferred into fresh medium; growth in
the second tube was considered a presumptive positive.

Sample collection.

Fresh rock faces were created

on pre-existing wall surfaces (in tunnels U12b, U12g,
and U12p) by chipping into the rock with alcoholflamed chisels.

Sample B was obtained from U12b

tunnel, samples G1 and G2 from U12g tunnel and samples
PI and P2 from U12p tunnel.

To test for surface

contamination, the area to be sampled was swabbed
before and after the creation of new rock faces with
R2B or water moistened swabs.

Swabs were rubbed on

R2A medium and allowed to incubate for two weeks at
room temperature.

R2A agar fall-out plates were

opened for approximately 5 min in the vicinity of the
sample site to determine possible contamination of
newly created rock faces by dust.

At each location

several hundred grams of rock was aseptically chipped
from a fresh rock face into a sterile Ziploc bag,
sealed, and transported to the laboratory in coolers
containing ice at approximately 10°C.
Samples in tunnel U12n were obtained with the aid
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of an alpine miner.

Dust was minimized by vacuum

ventilation proximal to the mining area.

Fresh rock

surfaces were formed 1.2 and
2.3 m into the interior of the previously existing
tunnel wall for samples N9 and N19, respectively.

The

time between removal of the alpine miner and sample
collection was less than 5 min.

Samples were hand

chipped into Ziploc bags after first creating a fresh
unmined rock face as previously described.

Sanple analysis.

Sample preparation was

initiated immediately upon return to the laboratory
less than 6 h after sample collection.

Between 150

and 200 g of each rock sample was asceptically ground
with a sterile mortar and pestle.

Ground rock was

divided into portions for making rock/APW slurries
used for deterrnining viable cells, diversity,
equitability, total counts and for conducting most
probable number tests.

An additional portion of

ground rock was used to determine biomass.
Samples N9 and N19 were diluted 1:10 w/v with APW
vdiich contained sodium pyrrophosphate at a final
concentration of 1%.

After shaking at room

temperature for 1 h (125 rpm), the slurries were
serially diluted in APW and plated on R2A agar
(Difco) . Viable counts were calculated from averaging
triplicate plates after incubation for two weeks at
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room temperature (approximately 24°C) . All three
plates used for viable count were pooled for diversity
determinations.

Plates were re-examined weekly for

six weeks for the appeaxrance of new colonies that may
have required longer incubation.

Diversity and equitability.

Triplicate R2A

plates were analyzed by determining the number of
colony types, the number of each type present, and by
picking one of each type for purification.

Diversity

and equitability indices were calculated by using a
modified version of the Sitpson index (24) .
Differences in colony morphology such as pigmentation
and shape were used to distinguish between colony
types (5) . The Simpson index (D) =
vàiere P^ is the proportion of individuals of a
specific morphology that contribute to the total
number of colonies recovered.

A higher index

indicates greater diversity, with the maximum value =
S, the total number of distinct kinds of colonies.
The equitability index (E) was calculated as Simpson
index divided by S, with maximal equitability = 1.0.
The individual API rapid NFT test results from
each eubacterial isolate were used to calculate the
physiological similarity between eubacterial
communities.

If two communities demonstrated results

for a particular physiological test that were positive
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and differed by less than 25%, the communities were
considered to match for that physiological test.

A

negative match resulted when both communities failed
to contain any isolates scoring positive for a
particular API test.

A sitiple matching coefficient

(Sgtn) was calculated as the proportion of negative and
positive matches to the total number of individual API
rapid NFT tests (7) .

Because the Sg^, places ertphasis

on both positive and negative matches, a Jaccard
coefficient was also calculated to exclude negative
matches from the calculations (8 ).

Most probable number (MPN) tests.

MPN tests were

used to quantitate the numbers of sulfur-reducing,
nitrifying, sulfur-oxidizing, nitrate-reducing, and
nitrogen-fixing bacteria. All MPN tubes were
inoculated with slurries, prepared as described above,
and were incubated aerobically at room tenperature for
six weeks before interpretation.

Microaerophilic N,-

fixing medium and iron peptone agar were inoculated
with undiluted slurry,
slurry.

1 0 '^

and

1 0 '^

dilutions of

Aliquots of 10 ul were stabbed into agar with

calibrated loops (Vangard Inf 1) or pipetmen (Gilson)
tips (Rainin) . Sulfur-oxidizing, nitrifying, and
denitrification
ul, and

1

media were inoculated with

10

ul,

ml of undiluted slurry.

Isolate profiles.

Individual colonies were
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purified by streak plating onto R2A agar until two
consecutive pure -culture plates were observed.

Pure-

culture plates were defined as those in which all
isolated colonies had the same colony morphology and
in which cell morphology of an isolated colony
appeared uniform in a Gram stain.

Isolates were

tested for antibiotic resistance by using antibiotic
inpregnated discs on R2A spread plates.

Antibiotics

were chosen as each inhibits cellular growth by a
different mechanism.

Bacteria were considered

resistant if the zones of inhibition were < 14mm (30
ug nalidixic acid), < 12 mm (10 ug anpicillin), < 15
ram (30 ug tetracycline), or < 13 ram (1.0 mg triple
sulfa)

(Difco or BBL) .

Resistances to metals were

determined on R2A agar plates using 0.635 cm diameter
analytical paper discs (Schleicher and Schuell)
containing 150 ug ZnCl; and 25 ug HgCl2 .
15 ram were scored as resistant.

Zones of <

Isolates were tested

for physiological properties using API rapid NFT test
strips according to the directions of the
manufacturers, except APW was used in place of saline
and incubations were carried out at room tenperature.

Direct counts.

Subsanples of prepared slurries

from U12g rock were fixed with formaldehyde to a final
concentration of 7%.

Subsanples of rock from U12b,

U12n, and U12p tunnels were made into slurries and
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were fixed for epifluorescence counts in a procedure
modified from Balkwill (4) . Filtered formaldehyde was
added as a fixative and slurries were shaken at
approximately 125 rpm for at least 30 min.

Air-dried

smears were prepared hy distributing 5-ul portions
into circles

1

cm in diameter before staining.

Filter-sterilized 4 '-6-diamidino-2-phenylindole (DAPI)
(Sigma), diluted 0.01 ug/ml, was flooded onto prepared
smears, allowed to stand for 15 min, and rinsed with
filtered deionized water (6,16,27) . Twenty fields
were counted from duplicate smears and the average
direct count was calculated.

Slides were viewed at

1000 X with a Nikon Optiphot epifluorescence
microscope fitted with a Nikon Fluor 100 lens, a 100 W
mercury bulb, and a UV-IA filter block.

Biomass estimations based on pho^holipid
analysis.

Microbial biomass was estimated by

extraction of phospholipids from rock saitples in a
procedure modified from Findlay (10), using 89 g of
sample P2 and 100 g of rock from all other samples.
Rock samples, ground with a sterile mortar and pestle,
were added to a mixture of 30 ml of phosphate buffer
(50 mM, pH 7.4), 75 ml of methanol (Mallinckrodt), and
37.5 ml of chloroform (International Biotechnologies
Inc.) . Slurries were shaken vigorously and allowed to
sit overnight.

After 24 h, 37.5 ml of chloroform and
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37.5 ml of deionized water were added to each slurry.
The samples were allowed to separate for 24 h and the
chloroform phase containing the phospholipids was
decanted through Whatman 2E filter paper into a
graduate cylinder.

Solvents were allowed to evaporate

overnight in a fume hood. Chloroform (3 ml) was added
to dissolve the lipids for transfer to storage
containers.

After evaporation, samples were stored at

-20 °C until phosphate analysis.

Phosphate was

liberated from phospholipids by potassium persulfate
digestion (29) . Two portions of each extract were
digested and the values averaged.

Phosphate was

determined colorimetrically by the method of Van
Veldoven and Mannaerts (29) using glycerol phosphate
(Sigma) to generate a standard curve.

The conversion

factor of Findlay et. al., 0.1 nmol of phosphate per
3.4 X 10® cells, was used for biomass averages.

RESULTS

Community-level microibiology.

Viable cell

counts, total cell counts, biomass estimated by
phospholipid content, numbers of colony types,
microbial diversity and equitability varied among all
samples both within and between tunnels (Table 2) .
Although total counts were at least two orders of
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magnitude greater than viable counts in all samples
except G2 and P2, no correlation was observed.
Enumeration based on phospholipid determination
increased with the number of distinct colony types (y
=

-66.28 + 15.40x; r^ = 0.87) .

Increasing diversity

correlated positively with increasing equitability (y
= -0.009 + 0.088X; r^ = 0.61), but was inversely
correlated with viable counts (y = 10.75 - 1.44x; r^ =
0.73) . Due to the low plate counts in sample B,
diversity and equitability were not calculated, though
15 distinct colony types were isolated from spread
plates of several dilutions.
Non-sporulating, non-filamentous, eubacteria
dominated the microbiota in all samples except P2 and
Gl, which were dominated by actinomycetes. This was
determined by colony morphology and microscopic
observation of each isolated and purified colony type.
Filaments and spores of actinormycetes were seen in
some direct counts. Two different fungal colonies
were observed in sample Gl, and one in sample PI.
Fungi were not included in community tabulations of
diversity.
The nuimbers of sulfur-oxidizing, nitrifying, and
sulfur-reducing bacteria were below the level of
detection in MPN tests for all samples.

Except for

sample N19, few denitrifying bacteria were detected
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(Table 3).

The numbers of nitrogen fixing bacteria

were below the level of detection in samples Gl, P2, B
and N19 (Table 3) .

Eubacterial communities.

Eubacterial isolates,

hereafter excluding actinormycetes, were characterized
by morphology, API rapid NFT strips, and resistance
patterns.

To describe the pool of community

characteristics, the properties of each isolate were
multiplied by the frequency of occurrence of that
colony type on original spread plates.
Gram negative organisms were dominant in G2 and
N19, while Gram positive organisms were dominant in PI
and N9 (Table 4) .

In Gl and P2, actinomycetes

predominated, and no dominance in Gram reaction was
observed amongst non-actinomycete isolates.

Most

eubacteria were rod shaped, except in sample N9, and
produced pigmentation; over 70% in G2, PI, and N9.
A variety of resistance patterns was observed
between the eubacterial communities at each sample
site, demonstrating diversity among recovered
microbiota (Table 4).

Eubacteria from Gl and P2,

samples with large numbers of actinomycetes, showed
60% and 25% resistance to tetracycline, respectively,
vhile no eubacteria isolated from other samples
demonstrated tetracycline resistance.

Triple sulfa

was not utilized in resistance pattern analysis
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because there was little or no sensitivity to triple
sulfa.

When community-level resistance data were

tabulated including both eubacteria and actinomycetes,
no similarity of microbiota between samples within a
single tunnel or between tunnel systems was observed
(data not shown).
Simple matching coefficients based on communitylevel response to individual API-rapid NFT tests are
presented in Table 5.

Samples Gl and G2, and Pi and

N19, had Sgm values of 0.71, however, all of the
similarity between Gl and G2 samples was due to
negative test responses by all isolates in both
samples.

Samples PI and N19 showed a Jaccard

coefficient of 0.74, indicating more physiological
homology between the communities isolated from those
samples.

However, when comparing other data such as

MPN enrichments (Table 3) and community
characteristics (Table 4), differences between the
communities are demonstrated.

Specific isolates.

API Rapid-NFT strips were

used to profile organisms for comparison with other
tunnel isolates, but not specifically for
identification.

Some genera indicated by API rapid

NFT profiling included Pseudaiianas, Acinetobacter, and
Agrdbacterima, to confidence levels of acceptable or
better, and Flavobacterivm, and Moraxella, to a low
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level of discrimination (2) . When bacteria responded
identically in the individual API metabolic tests,
some other characteristic; Gram reaction,
pigmentation, resistances, or colony morphology
indicated that the isolates were distinct.
Classification of subsurface bacteria by the APIrapid NFT physiologically-based identification system
is difficult for several reasons :

1

. the data base is

derived from profiles of pathogenic or very common
bacterial species

2

. it does not identify gram

positive isolates

3. some subsurface isolates

repeatedly stain gram negative but have been proven to
be gram positive by phospholipid fatty acid and 16s
rDNA genetic analysis (1).

Microbiological correlations with physical
factors.

No statistical correlation of viable count,

total count, biomass, diversity, or equitability could
be demonstrated with moisture or ambient rock
temperature. No relationship of these microbiological
characteristics was observed with distance into the
mesa, rock type, or depth of rock sampled, either
within or between tunnels.

Although samples Gl, G2,

and N9, were from similar or proximal tunnel beds and
display Sg^ values over 79%, samples PI and N19
display a Sg^ of 81%, but are from widely separated
strata.
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DISCUSSION
We believe bacteria recovered and isolated from
NTS tunnel samples are indigenous to deep subsurface
volcanic strata; not contamination from mining
efforts, but entrained in the rock either from the
time of ashfall deposition, or from a geological time
past when surface recharge could have transported
bacteria to this depth.

The zeolitic alteration of

the volcanic rock matrix has prevented recent water
movement in either lateral or vertical directions,
except in fractures (1).

Agar plates opened nearby

during sampling grew bacterial colonies similar to
sample plates, but Pénicillium-like fungi
predominated.

The bacteria were not considered

contaminants, but endolithic microbiota that would be
expected to be recovered from dust created during
initial tunnel mining and sampling efforts.
Additionally, swab plates from pre-existing rock faces
were overgrown with Pénicillium-like fungi and large
numbers of bacterial colonies,

vdiile swab plates of

freshly created rock faces recovered no fungal and few
bacterial colonies; indicative of viable plate counts
determined from rock samples.

Since only three fungal

colonies were observed among all samples recovered,
penetration of fungi into the walls of tunnels by
contaminated air to distances where samples were taken
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was not believed to have occurred.

The lack of fungal

isolates in rock samples also provides some evidence
that water did not aid the movement of bacteria into
the tunnel walls.

Although fungi are larger than

bacteria, fungal hyphae have greater ability to bridge
gaps in water films and move more efficiently through
rock of low matric potential (30), yet very few were
observed in any samples.

Additionally, matric

potentials were less than -10 bars in all samples
tested and were lower than matric potentials that Wong
and Griffin (31) have shown to be inhibitory to
movement of some bacterial types in soil.

Rock

samples from U12n tunnel have also been collected and
analyzed in the manner described above in later
studies in which the nuimbers of recoverable viable
microorganisms were below the limit of detection (10
CFU / g rock) . Lastly, the phenotypic variety between
all organsims recovered in all samples and the lack of
common human microbiota demonstrate that endolithic
microbiota were recovered.
In this study, only heterotrophic bacteria were
recovered.

Similar results have been found by other

researchers studying other deep subsurface
environments (11, 14, 19).

Numbers of nitrifying,

sulfur-oxidizing and sulfur-reducing bacteria were
below the level of detection in all samples from all
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tunnel systems.
Data on community characteristics of
recovered heterotrophic microbiota demonstrate
differences both between and among NTS tunnels.
Variation in viable, total, and phospholipid counts,
percent actinomycetes, numbers of colony types,
diversity, and equitability indicate that microbial
communities are as different between samples taken
within a few meters of one another as between samples
taken from tunnel systemtis several kilometers apart.
For example, N9 and N19 were taken within 3 m of each
other yet showed a difference in viable count of over
2.5 orders of magnitude (Table 2) . Additionally, N9
and N19 had nearly the same moisture content, depth,
and ambient temperature, yet the equitability indices
were the highest and lowest values, respectively
(Table 2).
One of the samples taken in each of the U12g and
U12p tunnel systems was dominated by actinomycetes,
vdiile primarily non-sporulat ing, non-filamentous
bacteria predominated in the other sample from the
same tunnel system.

This variability did not

correlate with physical properties of the rock and may
be indicative of the natural variability of microbial
communities in this environment.

Additionally,

physiological similarity between samples with high
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numbers of actinomycetes was not observed (Table 5) .
Communities from samples PI and N19 were
physiologically similar (Table 5), yet MPN analysis
(Table 3) demonstrated differences in the numbers of
nitrogen fixing and denitrifying bacteria in those
samples. Additionally, no similar organisms, as
determined by the profiling system used, were isolated
from more than one sample, regardless of whether
within or between tunnel systems, although one of each
distinct colony type was profiled from all plates.
This result indicates that more research is needed to
define the spatial heterogeneity of the microbial
communities in Rainier Mesa, specifically on a scale
smnaller than 3 m.
Full potential diversity of ashfall tuff
microbiota tmay not have been recovered in this study
for several reasons.

Diversity indices can be biased

estimators of community diversity (3), even though
comparison of samples using such indices can be
accomplished if samples have been handled in a similar
tmanner (28) . The modified Simpson diversity index,
calculated from plates used for viable count
determinations, can not account for microbiota that
were non-culturable on R2A agar, nor were bacterial
isolates speciated.

By utilizing various types of

media for plating, other researchers have demonstrated
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the recovery of different nimbers and types of soil
bacteria from samples, especially dilute media for the
isolation of oligotrophic bacteria (4,13,15,18,19).
Although R2A, a nutritionally dilute medium designed
for the isolation of oligotrophic aquatic organisms,
was the predominately used medium in this study,
heterotrophic isolates were also recovered from turbid
but negative sulfur-oxidizing and nitrification tubes
from all except sample B.

These isolates provide

evidence of viable heterotrophic cells that were
present but non- culturable at the original time of
plating using conventional spread plating techniques
on R2A.

The profiles of these isolates indicate that

these bacteria are unique (data not shown) .
Additionally, MPN data for numbers of denitrifying and
nitrogen fixing bacteria pro\tLde some evidence of
community diversity.
For comparative purposes, one representative
colony of each visibly distinct morphotype from all
samples was randomly selected for isolation,
purification and profiling.

This may have led to an

underestimation of organism diversity for two reasons.
Unintentional bias in organism selection is a concern
of microbial ecologists (3) and proved especially
difficult vhen two colonies were overlapping.
Additionally, the work of Jimenez (20) indicates that
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selection by phenotype may underestimate genetic
complexity of subsurface bacteria isolated from
sediments.

However, sets of isolates from the

subsurface with the same morphotype prove to be very
similar, usually to the same species (unpublished
data).
The results of this study indicate that
endolithic communities can greatly vary in rock with
similar geophysical properties.

Correlations have

been shown between sediment texture and microbial
abundance in the deep subsurface (25).

As of yet, the

strongest has been a negative correlation between
viable microbial numbers and the percent clay in deep
subsurface sediments (14).

More comprehensive

geochemical and geophysical measurements might lend
insight into geophysical factors that could influence
or be influenced by microbiota of the deep subsurface,
and is currently work in progress.
Researchers working with borehole deep subsurface
samples confirm heterogeneity in microbial numibers and
types (4,5,12,13).

These studies have indicated a

variable distribution of microbiota on a vertical
scale, both within and between geological formations
sampled from bore holes.

The results from borehole

samples and those at the NTS indicate the subsurface
may hold a wealth of organismal and genetic diversity
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heretofore ignored (17).
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Rock Type

Distance
to portal
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B

17

50=

5

7/90

fine grained

0.1

PI

24

250

4

7/90

course grained
vitric (silicified)

0.4

P2
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6
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course grained
vitric (friable)

0.6

N9
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390

23

10/90

fine to course
grained^

1.8

N19
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grained*^

1.8
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zeolitized grading to
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1.6
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Community characteristics of microbiota isolated from NTS tunnel samples
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"8O

Characteristic

Gl

G2

PI

P2

N9

N19

Percent gram Negative/
Gram Positive

20/80

100/0

15/84

50/50

8/92

92/8

Percent Rod Shaped

100

100

62

100

23

99

CD

Percent Pigmented

20

93

74

50

92

14

■CDD
O
Q .

Number of Distinct Isolates

3

6

14

4

8

19

0
0
100
60
60

78
7
2
76
0

39
21
90
1
0

50
50
25
25
25

58
8
100
50
0

23
43
81
61
0

3
.
3
"

C

a
O
3
■D
O

Percent Resistance
Zinc (150 /ig)
Mercury (25 /ig)
Nalidixic Acid (30 /xg)
Ampicillin (10 /xg)
Tetracycline (30 /xg)

CD
Q .

■CDD
C/)
C/)

Ln

CD
■D

O
Q .
C

g
Q .
■CDD
C/)
C/)

Table 5. Sinple matching coefficient® based on community physiological test scores'’ for
NTS tunnel samples

8

G2

PI

P2

N9

N19

86

38

43

76

48

33

38

86

48

PI

57

52

81

P2

. .

67

67

Gl

(O '

Gl
G2
3
.
3
"

CD
CD

■D
O
Q .
C

a
o
3
"O
o
CD
Q .

N9
N19

52
—

—

® Number of similar scores on individual API tests/total number of tests
Community test scores were considered similar if variance was less than 25%

■CDD
C/)
C/)

Ln

00

ŒaPTER 3
DIVERSITY WITHIN A COLONY
MORPHOTYPE: IMPLICATIONS
FOR ECOLOGICAL RESEARCH

This chapter has been accepted for publication in
Applied and Environmental Microbiology and is
presented in the style of that journal. The complete
citation is:
Haldeman, D. L., and P. S. Any. Diversity within a
colony morphotype : implications for ecological
research, i^pl. Environ. Microbiol. 59:933- 935,
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ABSTRACT
Sets of bacterial isolates with the same colony
morphologies were selected from spread plates of
bacteria from deep subsurface rock samples; each set
had a unique morphology.

API-rapid-NFT analysis

revealed that isolates within a set were the same.
Fatty acid methyl ester (FAME) analysis of one set of
isolates clustered organisms within the same species;
defining variation between isolates at the biotype
(subspecies) and strain levels.

Metal resistances

consistently tracked with colony morphology while
antibiotic resistances were less reliable.

Random or representative colonies are usually
selected for isolation and pure culture work in
microbial ecology (4,6,7).

Because accurate

spéciation based on morphotype is impossible, it is
often necessary to make the assumption that colonies
of the same morphotype represent the same species or
biotype. Although researchers realize the limits of
this assumption, much of the research in the deep
subsurface has relied on selection and
characterization of representative colonies with
distinct morphotypes (1,5,10,11) . However, the extent
of the variability within a colony morphotype .is
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unknown.

Of interest is the validity of using colony

morphology as the selection criterion for calculating
ecological indices of the diversity and equitability
(eveness of distribution) of recoverable microbial
communities.
Deep subsurface rock samples (ca. 400 m) were
taken within the N05 drift of U12n tunnel at Rainier
Mesa, Nevada Test Site.

The site and sampling

techniques have been previously described (1).

Ground

rock from each sample was made into a slurry by
diluting (1:10 weight/vol) with artificial pore water
(1) containing 0.1% pyrophosphate.

Rock slurries were

diluted, plated, and incubated for 2 wk at 24° C as
previously described (1).

Sets of isolates,

representing one morphologically distinct colony type,
were chosen from spread plates of three separate rock
samples designated SAM, RET, and AL.

Isolates were

purified on R2A agar (Difco) until two successive
pure-culture plates were obtained.

Isolates were

profiled as previously described (1) including : colony
appearance, cellular morphology. Gram stain, API-rapid
NFT test strip results, and resistances to nalidixic
acid, ampicillin, tetracycline, and triple sulfa.
Resistance to zinc and mercury was tested by placement
of 0.64 cm diameter analytical paper discs (Schleicher
and Schuell) containing 150 ug and 25 ug of zinc
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chloride and mercuric chloride, respectively, onto
bacterial lawns spread onto R2A agar.

All incubations

were at 24°C.
Colonies of the same morphotype were chosen from
three rock samples, each of which had been treated in
a different manner.

Sixteen morphologically identical

colonies were chosen from three replicate plates of
the AL rock sample, which had been crushed and stored
in the dark for 1 wk at 4°C in artificial pore water
containing 150 ug/ml rifampicin.

Eighteen colonies

were selected from a single plate of the RET rock
sample, vdiich had been crushed and stored for 24 h at
24°C-

Twenty colonies were selected from three plates

of the SAM rock sample, vàiich had been stored at 4°C
for 6 h in large pieces (approximately 5-10 g) to
minimize the effects of perturbation.
Microscopic observation showed all isolates
within sets to be Gram-negative rod-shaped bacteria.
Sets were distinguishable from one another by
microscopic observation of size and shape, and by
colony morphology on agar plates.
API-rapid-NFT results showed little difference
between isolates within each of the three sets.

One

RET isolate (6% of the set) differed in Betagalactosidase (PNPG) activity, while no differences
were observed in API-rapid-NFT results between
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isolates within the SAM and AL sets.

The API data

base, was not able to match any of the isolate
profiles to known bacteria at acceptable or higher
confidence levels (> 80% id) (2) . At 48 h of growth,
AL isolates keyed to Moraxella phenylpyruvdca, but
when the strip was read at 72 h (due to slow growth),
no match was found in the code book.

SAM isolates

keyed to Flavobacterium indologenes, but to a low
level of confidence (69%).
Zones of inhibition around metal- and antibioticcontaining discs were measured to further characterize
the sets of isolates.

Isolates from a single set,

displaying the same API physiological profile, showed
variability in resistance to the metals and
antibiotics tested
antibiotics.

(Table 1), especially with

Fredrickson et al. (12) have shown a

significant relationship between plasmid-bearing deep
subsurface isolates and resistance to ampicillin as
compared to nonplasmid-bearing isolates.

However,

multiple attempts to obtain plasmid DMA from selected
isolates using the method of Portnoy and White (9)
failed to demonstrate the presence of plasmids.
However, with this extraction method, we have
demonstrated the presence of plasmids in other
subsurface isolates and control strains (data not
shown).
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There may be many reasons why organisms within a
set do not respond similarly to antibiotics.

The

variability may be due to minor genetic differences
between isolates (3,13), gene expression, glycocalyx
production (8) , inoculum size or other unknown
variables.

Variability in the sensitivity patterns of

isolates to antibiotics was observed vdien the initial
inoculum was not uniform in age, i.e., inoculum from
the same plate tested on successive days demonstrated
different zones of inhibition. Incubation time was
also found to be critical for ampicillin resistance
testing.

Cultures that were resistant at 48 h

incubation demonstrated clear zones of inhibition at
24 h.

In contrast, metal resistance data were quite

uniform and did not vary with length of incubation or
age of inoculum.

There was little variance in the

inhibition zone around metal-containing discs, either
within a set of isolates or when individual isolates
were tested in triplicate.
Fatty acid methyl ester (FAME) analysis was
performed on the 18 RET isolates using the Microbial
Identification System (MIDI, bacterial TSBA REV 3.60)
according to the method of Osterhout, et. al. (14).
Dendograms provided by the MIDI system clustered RET
isolates into relatedness groups based on a Euclidean
distance scale.

Although no formal interpretation
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exists of the Euclidean distance scale as it relates
to microbial taxonomy, results obtained by others (15)
suggest that samples linked below 2, 6, 10, and 25
Euclidean distance units are from the same strain,
biotype (subspecies), species, and genus,
respectively.

FAME analysis demonstrated that all 18

RET cultures were within the same genus, 17 were
within the same species, 13 were grouped within the
same biotype, and two were within the same strain
(Fig. 1).

It is interesting that the RET 1 isolate,

which grouped the furthest from the others in the
dendogram, was the only organism within the set of 18
RET isolates to test negative for PNPG activity.
The RET isolates were not identified within the
MIDI data base, but were shown to be related to Gram
positive bacteria by their total lipid profiles.
Although Gram staining demonstrated all 18 RET
cultures to be Gram negative, this result was not
completely unexpected.

Other deep subsurface bacteria

have been isolated which stain either Gram negative or
variable, but with 16s rDNA sequencing have been found
to be related to Arthrohacter (1) .
The AL isolates may have originated from a
single progenitor, increasing in number during the
week-long incubation in artificial pore water
containing rifampicin.

Although refrigerated, viable
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counts increased in the AL sample during the week of
storage (2.5 fold) . The AL colonies showed the most
similarity to each other in nalidixic acid,
tetracycline, and zinc resistance based on calculated
standard deviations
(Table 1).
Although no nutrients were added to the RET rock
sample during storage for 24 h at 24°C, two of the 18
isolates represent the same strain by MIDI analysis,
and may have arisen from out-growth of a single cell
or could have been two surviving identical cells
cultured separately.

Viable plate counts increased in

the RET rock sample during storage (60 fold) .

Even if

some of the similarity between isolates could be
attributed to out-growth of a few original rock
organismis, most of the 18 RET isolates do not fall
within the same strain, although they easily fall
within the same genus; all but one within the same
species by MIDI analysis.
The SAM rock sample was not treated so as to
minimize changes in the microbial community; it was
left in unaltered until sample analysis.

The standard

deviations for metal and antibiotic testing were not
different from those of the other isolate sets that
had been treated in different manners (Table 1) .

It

is doubtful that similarity of isolates was due to
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out-growth of individual cells in this case.
In this study, isolates within sets were very
similar, especially by colony morphology, microscopic
appearance, resistance to metals and in response to
API-rapid-NFT tests.

Resistance to antibiotics proved

variable within sets of isolates, even when the same
strains (by MIDI analysis) were compared.

Therefore,

antibiotic resistance data are not as reliable as the
previously mentioned tests when attempting to describe
a representative of a population.

MIDI analysis has

been shown to correlate very well with ribosomal RNA
and DNA homologies in Pseudcmanas sp. (16), and
therefore, provides a fast and reliable means of
comparing the relatedness of isolates.

Selection

of a representative colony by morphotype for pure
culture work did not account for all of the diversity
within a population, evidenced by FAME analysis of RET
isolates.

It does reflect organisms of a similar

type, identical organisms by API-rapid-NFT analysis
and the same species by FAME.

Although taxonomically

the organisms appear the same, the differences in
lipid profiles may relect chronometers, the result of
long-term isolation in microniches.
FAME analysis can prove uselful for
distinguishing between isolates of the same species or
biotype, however, isolates belonging to the same
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biotype can be selected by morphotype, and this level
of similarity is used in most diversity indices.
Therefore, colony morphology can provide an accurate
basis on which to define recoverable diversity.

This research was supported by grant number DOEUNLV-60975 from the U.S. Department of Energy through
the Subsurface Science Program. We would like to thank
Sherry Bean, David Ringelberg and David C. White of
the Center for Environmental Biotechnology, University
of Tennessee for MIDI analysis and Greg Valdov for his
technical support with isolate testing.
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Figure Legend
FIG. 1. Dendogram showing relatedness of RET
isolates by FAME analysis.

Organisms paired at

Euclidian distances less than

2, 6, 10, and 25 imply

that isolates are the same strain, biotype
(subspecies), species, and genus, respectively (15).
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CHAPTER 4
GHARACTERIZATION OF THE MICROBIOLOGY
WITHIN A 21 If SECTION OF ROCK
FROM THE DEEP SDBSURFACE

This chapter has been accepted for publication in
Microbial Ecology and is presented in the style of
that journal. The complété citation is:
Haldeman, D. L., P. S. Amy, D. Ringelberg, and D. C.
White. 1993. Characterization of the
microbiology within a 21 inf section of rock from
the deep subsurface. Microb. Ecol. 26:145-159.
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ABSTRACT
The distribution of aerobic chemoheterotrophic
microorganisms within a 27 nf section of deep
subsurface rock was determined. Nineteen samples for
microbiological analysis were aseptically taken by
hand from the walls of a 400 m deep subsurface tunnel
after an alpine miner created fresh rock faces, 1.5,
3.0, 4.5, and 6.0 m into the tunnel wall.

The direct

counts were several orders of magnitude greater than
viable counts in all samples.

One of each

morphologically distinct bacterial type from each
sample was purified and analyzed for fatty acid methly
esters (FAME) using the Microbial Identification
System (MIDI) . Numbers of bacterial types, diversity
and equitability of recoverable microbial communities
were the same or similar using either morphotype or
FAME analyses as the basis for distinguishing between
bacterial types.

Twenty nine genera (Euclidean

distance of < 25) were found within the rock section,
viiile 28 of the 210 bacterial types isolated were
nonculturable under the growth regime required for
cluster analysis.
genus level with
Acinetobacter.

Most isolates clustered at the
Arthrdbacter, Gordona, and

Two genera, containing 16 isolates,

were unmatched to known organisms within the MIDI data
base and clustered with other isolates at an Euclidean
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distance greater than 50.

While some species

(Euclidean distance ^ 10) were recovered from multiple
sites within the rock section, most were found at 1-3
sites and usually without a definitive pattern of
distribution.

INTRODUCTION
Researchers within the Deep Subsurface
Microbiology Subprogram, funded by the Department of
Energy, are interested in fundamental research in
subsurface microbial ecology including presence,
abundance, distribution, diversity, and
genetic/phylogenetic traits of subsurface
microorganisms (12).
Microbiological and geological analysis of drill
hole cores has been initiated or completed in deep
subsurface environments; sediments (5, 14, 15, 27,
30), basalts and interbeds (10, 11), and paleosols
(9).

These reports include stratigraphie organism

distribution within a borehole or between boreholes
that may be quite distant from each other.

At the

Nevada Test Site (NTS), rock has been sampled from the
walls of tunnel systems for microbiological analysis.
Sampling points were from one to ten kilometers apart
and ranged in depth from 50 to 450 m from the surface
in volcanic ashfall tuff (la, 16) . These results
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reveal heterogeneity in microbiological communities
from deep subsurface environments but have not
addressed the three-dimensional distribution of
microorganisms on a small scale.
The distribution of organisms in various deep
subsurface environments have been described by
comparing characters of recovered isolates such as:
colony and cellular morphology, physiological profiles
provided by API-rapid-NFT strips and/or BIOI/DG
microtiter plates (6, 22) and antibiotic and metal
resistances (la, 16).

These profiles have proven

valuable in describing organisms in subsurface
environments and for comparative purposes, analyzing
organisms from different depths and individual
boreholes or tunnels.

Organism identification has

proven a more complex task (la, 4).

API and BIOLOG

systems, designed to identify clinically important
bacteria, have limited ability to identify
environmental organisms.
The purpose of this project was to define the
distribution of subsurface microbiota on a small, 3-D
scale and to determine how related groups of
culturable aerobic heterotrophs were distributed
throughout a rock section.

The Nevada Test Site

provided an ideal opportunity for a study such as this
because samples could be obtained in a 3-D sampling
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pattern from the walls of existing tunnel systems at
depths to 400 m. Identifications and relatedness of
microorganisms were determined using a Microbial
Identification System (MIDI) (25) . MIDI provides
identification of environmental isolates by comparing
methyl ester fatty acid profiles of unknown organisms
to profiles of known organisms contained in a data
base, and also defines relatedness groupings of
microorganisms viien an acceptable identification may
not be possible.

MATERIALS AND METHODS

Media and solutions.
for platings.

R2A agar (Difco) was used

Artificial pore water (APW) , developed

to simulate ambient rock water (la, 16), was used for
dilution blanks and APW containing 1% sodium
pyrophosphate was used to make 1:10 wt/vol slurries of
asceptically ground rock.

Sampling and sample location. Samples were taken
from U12n tunnel system at Rainier Mesa, Nevada Test
Site. The section of rock appeared as geologically
homogeneous friable tuff, but some samples were more
welded than others.

The section of rock was located

approximately 1.8 km from the tunnel portal and was
approximately 450 m beneath the caprock of the mesa.
Nineteen samples were taken in a central composite
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design (8), as shown in Figure 1.

The rock samples

(ranging from 0.1 to 1 kg) were taken in a perched
water zone located in volcanic ashfall tuff. The
volumetric moisture of the samples ranged from 14 to
27% and the ambient temperature of the rock was 18°C.
Detailed geology and geochemistry of the rock samples
will be described elsewhere.
An alpine miner was used to extend the existing
tunnel to prescribed sample points 1.5, 3.0, 4.5, and
6.0 m into the tunnel wall.

An alpine miner is

capabable of gouging into rock, excavating tunnel
sections up to 10 m in diameter, without the use of
drilling fluid.

An inital 1.5 m section of rock was

removed before beginning the composite sampling
design.

The miner was backed out and samples were

taken by hand in less than 5 rniin.

Before sample rock

was taken, fresh rock faces were created with alcoholflame sterilized tools and rock pieces approximately
1-20 g were hand chipped into sterile containers (la,
16).

Samples were transported back to the laboratory

on ice and sample analysis was initiated in less than
8 h.

Sample analysis. Rock samples were homogenized
with sterile mortar and pestle, made into 1:10 wt/vol
slurries with APW containing 0.1% pyrophosphate and
shaken for 1 hr at 24°C (125 rpm) . Two portions of 9
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ml from each sample were fixed with 1 ml of filtered
(0.22 or 0.45 fim cellulose acetate) and sterile 1%
noble agar and 135 ul of filter-sterilized
formaldehyde for 4'-6-diamidino-2-phenylindole (DAPI)
direct counting.

Portions of fixed slurry samples

(50 ul) were stained with 0.3 ml of 0.01 ug.ml DAPI
for 15 min on 0.22 or 0.1 um filters (Gelman) in
darkened filtration columns.

Filters containing

stained samples were rinsed with filtered (0.45 um
Gelman) distilled water, dryed, and placed onto a drop
of immersion oil on ethanol cleaned slides.

A drop of

oil and a coverslip were added, and slides were viewed
under oil immersion at 100 OX with a Nikon Fluor 100
lens, a 100 W mercury bulb, a Nikon Optiphot
epifluorescence microscope fitted with a UV-B filter
block.

Twenty fields were counted from duplicate

smears of each sample and the average direct count was
calculated.
Portions of slurries were concentrated by
membrane filtration (Gelman, 0.45 um), as well as
serially diluted in APW for plating on R2A agar.
After 2 wk incubation at 24°C, viable counts were
determined by averaging counts of triplicate plates at
the highest dilution that provided distinct colonies
for enumeration by morphotype.

One of each

morphologically distinct colony type from each sample
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was selected for isolation and purification (16,17).
If two morphologically distinct colony types were
separated from the initially picked colony, both
colony types were purified for MIDI analysis.

The

proportion of each of the two subsequent morphotypes
was considered to be the same proportion as the
original colony type; eg., all colonies enumerated as
a distinct morphotype were assumed to have been
mixtures of two morphotypes, subsequently separated
from the originally chosen representative colony.
Viable counts were then determined accordingly.

After

two successive pure colony streak plates were
observed, purity was confirmed by Gram staining.
For MIDI analysis, fatty acids were extracted and
esterified from bacterial cultures grown for 24 h on
tryptlease soy agar

according to the specifications

of the manufacturer (25) . MIDI provided
identifications of organisms when similarity indices
of subsurface organisms matched profiles of known
organisms in the data base (TSBA aerobe library
version 3.6), and provided a dendrogram showing
relatedness of all subsurface organisms based on a
Euclidean Distance (ED) scale.

Although no universal

acceptance of ED exists, EDs of < 2, < 6 , <10, and
< 25, represent isolates within the same strain,
subspecies or biotype, species, and genus.
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respectively, based on interpretations of dendrograms
describing relatedness of known organisms (29) . When
interpreting dendrograms it is iiiportant to consider
the confidence of identifications; a match > 0.300 was
considered acceptable for environmental organisms, and
a match of > 0.5 was considered acceptable for
clinically important organisms.
Shannon-Weaver diversity and equitibility (3)
were determined by enumerating the proportion of each
distinct colony type on each set of triplicate plates
after first grouping isolates that clustered together
with an ED of < 10 (species level) on the relatedness
dendrogram produced by MIDI.
No isolates were taken from sample N18, and only
one plate was available for determining the viable
count.

Although sample N18 was subsequently replated,

the data were not included because recoverable
microorganisms from subsurface samples have been shown
to undergo changes in viable count and diversity after
storage (9,18).

RESULTS
Isolates were originally selected on the basis of
morphotype, but when grouped together by MIDI
relatedness clusters at an Euclidean distance of ^ 10
(species level), diversity and the number of bacterial
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types in each sanple either decreased, indicating
fewer microbial types, or stayed the same (Figure 2) .
Equitability remained relatively constant in all but
sanple 1, were an increase from 0.66 to 0.87 was
observed.

Organisms that were non-transferrable

after initial isolation, or were non- culturable under
the MIDI growth regime were considered as distinct
microbial types in diversity and equitability
calculations.
Differences were observed between bacterial
communities from the individual sanples within the
rock section (Table 1) . Viable counts ranged over
three orders of magnitude, from 2.68 x 10^ to 4.14 x
1Q4, vfcLle total counts ranged two orders of
magnitude, from 6.92 x 10^ to 4.79 x 10\.

The number

of distinct colony types (based on FAME analysis)
isolated from each sanple ranged from 5 to 15.
Shannon diversity and equitability (also based on FAME
analysis) ranged from 1.28 to 2.40, and 0.59 to 0.95,
respectively.

No spatial trend within the rock

section nor correlation between parameters of
diversity, equitability, number of colony types, total
counts or viable counts was observed.
Of the isolates successfully identified or
clustered by FAME analysis, 76.5 % were gram positive
and 23.5 % were gram negative,

(as determined from
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data in Table 2, discussed below) . Only samples 1, 2,
and 19 had relatively abundant numbers of gram
negative isolates.

All isolates that were non-

culturable under the standardized MIDI growth regime,
or had no match within their cluster to the data base,
were not considered in the gram reaction analysis (61
of 210 isolates).
Every unique bacterial colony type was originally
selected from 18 samples within the rock section, and
only two colony types were non-transferrable with
subsequent platings on R2A agar.

MIDI analysis of

each isolate was attempted, including each colony type
that was subsequently separated into two
morphologically distinct isolates during purification.
Twenty eight isolates could not be analyzed because
they were non-culturable under the standard conditions
required to match organisms within the MIDI data base
(plating on trypticase soy agar and incubation for 24
h at 28°C) . MIDI analysis provided a large
comprehensive dendrogram clustering organisms by an
unweighted pair matching method. The dendrogram was
interpreted at three Euclidean distances, representing
broad relationships between isolates (ca. 45 Euclidean
distance), genus level clustering of isolates
(Euclidean distance of ^25) and clustering at the
species level (Euclidean distance of <.10) .
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At very broad Euclidean distances (> 45) , the
subsurface organisms cluster into 9 separate groups
(Figure 3). Importantly, one cluster (cluster 8)
contained 15 organisms that were not related to other
subsurface isolates until an Euclidean distance of ca.
50, and none of the 15 isolates was successfully
matched to a known organism within the MIDI data base.
Another cluster (cluster 6) was also unique in this
respect but contained only one organism.
The isolates fell into 29 broad groups at an
Euclidian distance of ca. 25 (genus level)(Table 2).
Forty eight (23%) of the isolates were matched to
known organisms in the MIDI data base with similarity
indices over 0.3, and an additional 123 (59%) of the
isolates were clustered with one or more organisms
identified to a similarity index ^ 0.1, providing
insight into the classification of these isolates.
FAME profiles of 39 isolates (19%) did not match the
data base and did not cluster with any isolate which
was identified at a similarity index above 0.1.

Three

samples had relatively high proportions of their
communities that could not be analyzed by MIDI, e.g.,
samples 13, 16, and 19 contained approximately 32, 22,
and 26 %, respectively, of their recoverable community
that did not grow under the MIDI regime.
An Euclidian distance of < 25 should group all
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organisms of the same genus together into one cluster.
However, there are four Micrococcus, and two
Arthrohacter clusters listed in Table 2.

These

results may be indicative of the diversity of FAME
found within a large genera such as Arthrobacter.

It

is also interesting to note that only two of the
Micrococcus groups contain isolates identified at a
similarity index above 0.3; a level we considered
acceptable for environmental organisms.

Groups 7, 8,

and 27 contained isolates that were identified as
belonging to several different genera.
group 7 contains

For example,

sixisolates, four of vdiich are

identified above the0.3

similarity index;

Corynebacterium, Clavibacter, Aureobacterium and
Curtobacterium.

Foremost, the organisms within a

cluster were more closely related by FAME to one
another rather than to other groups containing the
same genus (i.e., Corynebacterium group 22) .
Thirty three species were recovered from multiple
samples within the rock section (Table 3) . Table 3
divides genera (listed in Table 2) into species at an
Euclidean distance < 10.

Also listed are species

names, the highest similarity index value within the
species cluster,

and the sites from which the species

were recovered.

In five instances, an Arthrobacter

sp. was found in more than one sample.

Likewise, two
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Staphylococcus sp., three Acinetobacter sp., four
Gordona sp., two Hydrogenophaga sp. and one each of
seven other genera were found at two or more sites.
Groups 7 and 8g contain two different genera
identified at high confidence levels that cluster to
the same species.

Organisms with similar FAME

compositions may result in matches to the library with
similarities > 0.5.

Not surprisingly, the genera

indicated in Table 2 with the largest number of
isolates, contained the greatest number of species
found at multiple sites (Table 3), i.e., groups 5, 8
and 23, containing 21, 29, and 36 isolates,
respectively.

Many of the species were found at only

two sites (groups 5c, 7, 8 b-c-e-f, 15, 16, 17, 22,
23e, 25, 26, 27c, and 29), while one species was
recovered from eight samples (group 5a).
The abundance of a particular species in a sample
was estimated by tmultiplying the viable count of the
sample by the proportion of the recovered community
that the isolate originally represented (17, data not
shown) .

When exainining the abundance of a species

found at more than one site, four patterns were
observed: 1. species which were recovered from only
two or three samples,

2. species with no apparent

pattern of distribution throughout the rock section 3.
a vertical distribution of a species in either the XY
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or YZ plane, or 4. a horizontal distribution (XZ
plane) .

Pattern 1 was the most common; many isolates

were recovered from just two or three samples (22 /32
or 69%) .

Pattern 2 was demonstrated by 5 out of 9

cases where a species was found at more than 3 sites
and is exemplified by Arthrohacter
protophormiae/ramosus (group 5a).

This species was

recovered from many samples (8) within the cube, but
showed no trend of distribution (Fig. 4A).

Pattern 3

was displayed by Ehodococcus maris (group 23a), which
was recovered from six samples, all within the two
inner faces of the cube and by Gordona bronchialis
(23f ) , recovered from three sites in the last face of
the cube (Figure 4B) . An Acinetobacter species (group
20c) and an Arthrobacter sp. (group 5b) were recovered
primarily from sites at the bottom of the cube (Figure
4C), demonstrating a layered distribution.

DISCUSSION
Viable bacteria were recovered from 19 samples
within a 27 mf block of subsurface rock at 400 m
depth.

Sampling by hand from the tunnel walls

provided uncomprotnised subsurface material for
microbiological analysis (la, 16).

Kieft et. al (21),

observed a drying effect with samples taken into the
wall of tunnel U12b at the Nevada Test Site.

However,
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the U12b funnel system, in place since the 1950's, is
located in the vadose zone at a depth of just 50 m
from the surface and approximately 350 m above the
perched water zone vdiere the rock section of this
study was mined.

No evidence of drying was observed

in the nearly saturated rock section (unpublished
data) .

Further, to minimize any possible external

influence, a section of rock (1.5 m thick) was removed
before the first rock face in the composite design was
sampled.
The distribution (or lack thereof) of
microorganisms within the rock section provides
further evidence for the pristine nature of the rock
samples taken within the U12n tunnel system.

Total

and viable counts varied by 2 and 3 orders of
magoitude, respectively, and did not show a trend of
distribution within the rock section.

Diversity,

equitability, and numbers of distinct isolates from
each sample did not display a spatial pattern of
distribution within the rock section, nor was any
correlation found between these microbial parameters.
Specific genera or species did not show a trend in
location within the rock section.

Most species,

recovered from multiple sites, were found in only a
few samples, and many species were unique to a single
sample site.

Although, geologists use the term
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"representative elemental volume" to define the
largest volume of substrate that results in uniform
characterization, it is doubtful that microbiologists
will be able to define this same principle for
microbial communities.

Without the ability to sanple

microniches and at the same time have enough material
to coiprehensively characterize microbiological,
physical and chemical parameters, we may never be able
to determine spatial heterogeneity on a small enough
scale.
Numbers of distinct isolates, and thus diversity
and equitability, did not change appreciably when
isolates were grouped by FAME profiles (to the species
level) rather than by morphotype.

Selecting a

representative colony by morphotype has been shown to
be a reliable basis for the examination of subsurface
microbial community conposition; i.e., all colony
types that appear the same morphologically are the
same, to the species, subspecies or strain level (17) .
The data in Figure 2 further support selection of
colonies by morphotype because most of the colonies
selected as morphologically distinct colony types were
unique by FAME analysis.
Non- culturable and dead organisms could not be
included in diversity measurements because they were
not recovered on R2A plates.

Underestimation of
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diversity is a concern of microbial ecologists (2),
but it has been suggested that if sarrples are treated
in a similar manner, then conparisons between sanples
are valid (32) .

In addition, recoverable

microorganisms may represent the most irportant
portion of a microbial community.

Viable cells often

make up the large size classes of bacteria within
sarples, and thus represent a major portion of the
microbial biomass (26).

Additionally, the larger

cells in an environment often have higher metabolic
activities, and thus may be most inportant Wien
considering energy flow through an environment (26) .
Some isolates (28 out of 210) could not be
analyzed by MIDI because they demonstrated either
limited growth or no growth on trypticase soy agar.
Trypticase soy agar is a richer medium than the R2A
agar used for the original isolation of subsurface
isolates, and it is doubtful that it was missing a
cofactor required for the growth.

Inhibition of

growth could be indicative of the oligotrophic nature
of these microorganisms.

It has been shown that high

concentrations of nutrients can be inhibitory to
oligotrophic microorganisms (23, 24, 28) . The
environment from which the subsurface microorganisms
were isolated is believed to be oligotrophic due to
limited water and nutrient flux (la, 31) .
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Most isolates which were successfully matched or
tightly clustered with known organisms in the MIDI
data base were identified as gram positive.

Only

samples 1, 2, and 19 contained relatively abundant
numbers of gram negative isolates.

Interestly, these

samples yielded some of the highest viable counts,
although no direct correlation was observed.

Gram

positive organisms were predominantly recovered from
other subsurface sites : vadose zone volcanic tuffs in
New Mexico (19), vadose zone basalt/sediment interface
and intersedimentary samples, Idaho National
Engineering Laboratory (10), and a shallow aquifer in
Oklahoma (6) . However, at other deep subsurface sites
large nuiribers of gram negative isolates have been
recovered: saturated sediments in Savannah River (4) ,
unsaturated palesols at Hanford, Washington (9) and an
aquifer in Germany (22) . Other studies at the Nevada
Test Site in tunnel systems U12b, U12g, and U12p (16) ,
and other drifts within tunnel system U12n (la) have
also yielded predominantly gram negative bacteria.
There does not appear to be a definative correlation
between moisture and the types of organisms recovered
(gram negative/gram positive ratios) .
A higher proportion of gram negative isolates was
indicated by gram-staining than by MIDI cluster
analysis (data not shown) .

Arthrobacter, the most
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commonly identified genus in this study, is known to
decolorize readily (20) and has been mistakenly
identified from deep subsurface sites because they
stained gram negative or variable. In these instances,
some isolates were subsequently keyed to Pasteurella
by API-rapid NFT strips but were found by 16s
ribosotnal DMA sequencing to be Arthrobacter sp. (la,
5) .

The clustering information provided by MIDI

analysis is believed to be less subjective and thus
more reliable.
The microorganisms appear to belong to very few
broad groups.

A majority of the isolates clustered

with Arthrobacter, but several Micrococcus, Bacillus,
Corynebacterum, Gordona, Acinetobacter, Acidovorax,
Hydrogenophaga, and

Pseudomonas clusters were

identified with high similarity values.

Other

subsurface studies have used API-rapid NFT strips and
have identified bacteria belonging to the genera
Pseudomonas, Agrobacterium, and Acinetobacter (5, 16) .
API-rapid NFT strips, BIOLOG and MIDI analysis were
compared in a study by Amy et. al. (1), which
identified predomdnately Pseudomonas, but also
identified some gram positive organisms.

The MIDI

dendrogram proved especially useful in this study to
determine and compare bacterial diversity among
subsurface samples.
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Two distinct clusters of organisms were unmatched
to others within the MIDI data base at an Euclidean
distance > 50.

These isolates may comprise unnamed

bacterial genera because they may have been isolated
from the surface for a long time.

No appreciable

water movement is believed to occur within the
zeolitic tuff in the perched-water zone from which the
samples were taken, and matrix flow of bacteria with
water through the vadose (unsaturated) zone would take
approximately 250,000 yr to transport bacteria to this
depth (la) . Although nearly saturated, the low
permeability and poor interconnection of fractures in
the tuff (31) would allow negligible bacterial or
nutrient transport via water either horizontally or
vertically in the saturated rock strata (la).

In

fact, geologists at the Nevada Test Site believe that
pore water in the rock matrix may be several million
years old (lb) . Two species in this study were found
to display a layered distribution, possibly entrained
when rock stratifications were being developed by
water movement and before the formation of zeolites
which subsequently restricted water flow.

Perhaps the

isolates recovered from samples within the rock
section are not interacting bacterial populations,
evidenced by the fact that most species were found at
only one or a few sites. Many of these organisms were
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not readily identified by the MIDI data base, however,
genetic analysis may enhance the elucidation of
organism identities and relationships.
Arthrobacter sp., the predominant organism
recovered in this study, has been shown to inhabit
oligotrophic environments and to survive well under
conditions of low or no nutrients (7, 13, 28). The
microorganisms we recovered may represent a small
number of good survivors, isolated from microniches,
that have been dormant in the subsurface for long
periods of time.
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FIGURE LEGENDS:
Figure 1. Conposite sanpling design of Box, et.
al (8), showing the 19 sanple sites within the 27 nf
section of subsurface rock.
Figure 2. Bacterial types were selected on the
basis of morphotype (solid bars), or by FAME (MIDI)
analysis at an Euclidean distance of <10 (2A) .
Shannon-Weaver diversity (2B) and equitability (2C)
indices were conpared using the two selection
criteria.
Figure 3. A dendrogram showing the distribution
of 210 subsurface isolates into broad clusters (< 45
Euclidean distance) . Major or unmatched groups are
listed with the number of isolates contained in each.
Figure 4.

Patterns of species distribution found

at more than one sample site throughout the rock
section.

Arthrobacter protophormiae/ramosus

demonstrates wide distribution throughout the rock
section (4A) ; Ehodococcus maris, and

Gordona

bronchialis (abundances outlined in boxes) demonstrate
species found only in the center or back faces,
respectively (4B) ; Arthrobacter protophormiae/ramosus,
and Acinetobacter johnsonii (abundances outlined in
boxes) demonstrate species recovered from sanples in
the bottom layers of the rock section (4C).
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Table 1. Bacterial comnunities, including viable count, total count,
bacterial types, Shannon-Weaver diversity, and equitabilty based on
FAME (MIDI) analysis
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1
3

Sample
Nunroer

Log
Viable
Count*

Log
Total Bacterial
Count*’ Types

Shannon
Diversity

Equitability

CD

"n

1

3.00

7.10

10

2.00
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" = Genus group number from Table 2.
= The genus species identified with the highest confidence within a
cluster.
= Values in parenthesis indicate the number of isolates from a
particular sairple that were identified as the same species.
= A Staphylococcus (0.391) was identified within this cluster,
but was not included in the table.

CHAPTER 5
COMPARISON OF THE MICROBIOTA RECOVERED
FROM SURFACE AND DEEP SUBSURFACE
ROCK, WATER AND SOIL ALONG AN
ELEVATIONAL GRADIENT

This chapter has been accepted for publication in
Geamicrobiology Journal and is presented in the style
of that journal. The complete citation is:
Haldeiren, D. L., Beth. J. Pitonzo, Sandra S. Story,
and P. S. Amy. Cottparison of the microbiota
recovered from surface and deep subsurface rock,
water and soil along an elevational gradient.
Geomicrobiol. J., In press.
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A b s tr a c t
The isolation of viable microorganisms from

deep

volcanic rock formations (50-450 m) within Rainier
Mesa, Nevada Test Site has posed questions regarding
the origin of in situ bacteria.

One hypothesis under

investigation is that microbial transport to depth has
been facilitated via recent natural water flow from
surface bacterial populations.

Recoverable microbiota

from surface top soil, paleosol, rock, and outflow
spring water were cotrpared to those from subsurface
rock and fracture flow water to determine if
relationships existed between microbial communities
along an elevational gradient.
Direct counts were higher than culturable counts
in all samples.

Top soil samples had higher

culturable counts and numbers of nitrogen fixing and
sulfur reducing bacteria than samples from the
subsurface rock.

Heterogeneity in microbial

communities from the different samples (measured by
diversity and evenness indices and by comparison of
morphological and physiological tests of
representative isolates) was demonstrated and provided
evidence against the hypothesis for recent bacterial
transport from the surface. An alternative hypothesis,
that bacterial communities in deep subsurface rock
have been isolated from surface environments for long
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periods of time, is discussed.

I n tr o d u c tio n
Viable microorganisms have been recovered from
several deep subsurface environments, some at depths
greater than 400 m. (Amy, et al., 1992; Balkwill, et
al., 1989; Balkwill and Ghiorse, 1985; Fredrickson, et
al., 1989; Ghiorse and Balkwill, 1988; Ghiorse and
Wilson, 1988; Haldeman and Arty, 1993a,- Kieft, et al.,
1993; Kblbel-Boelke, 1988; Phelps, et al., 1989).

New

aseptic drilling techniques and the ability to obtain
samples by excavating

into walls of existing deep

subsurface tunnels with sterile hand tools have
provided representative samples and enabled the
isolation of indigenous subsurface bacteria (Amy, et
al., 1992; Colwell, et al., 1992; Haldeman and Amy,
1993a; Long, et al., 1992; Phelps, et al., 1989).
Several mechanisms have been proposed to explain the
occurence of these viable microbes in deep subsurface
environments vhere nutrient flux is low:

migration

from surface soils by natural geological processes,
movement with underground water masses, or entrainment
since the time of deposition (Arty et al., 1992;
Colwell, 1989; Fliermans and Balkwill, 1989; Yates and
Yates, 1988) .

At Rainier Mesa, Nevada Test Site,

water movement within the zeolitized tuffs of the deep
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subsurface is believed to be negligible.

An estimated

time for surface water to reach 400 m depth is up to
250,000 years (Airy, et al., 1992).

However,

within

fracture flow water that has shorter surface to depth
transport times (6-30 yr), the transport of microbes
may be possible

(Any, et al., 1992; Clebsh, 1960) .

Because of the lack of water movement in zeolitized
tuff, the presence of viable microorganisms at depth
posed questions concerning their origin (Haldeman et
al., 1993).
To support the hypothesis that microbes might
have been recently transported from the surface to
depth in fractures, microbial communities from surface
soil, surface-exposed rock, surface-exposed paleosol,
and fracture flow water saitples were compared to
microbial communities from deep subsurface rock along
a chronosequence, represented by an elevational
gradient.

Additionally, bacterial communities from

the subsurface fracture flow water were compared to
those from an outflow spring which drains a perched
water zone within the mesa.

M a t e r ia ls an d M ethods
Sample Collection
Samples were collected along an elevational gradient
that serves as a chronosequence of the depositional
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history of Rainier Mesa, Nevada Test Site (Figure 1) .
The mesa, in arid southern Nevada, was formed hy
successive volcanic events which resulted in layers of
ashfall tuff

(Thordarson, 1965) . The subsurface

fracture flow water (FW) was aseptically collected
from a 400 m deep subsurface free-flowing fracture (19
L/min) from the SD drift of tunnel U12n as previously
described (Amy, et al., 1992) . The SD drift is one of
many individual tunnels within the U12n tunnel system.
Rainier Mesa itself contains several tunnel systems
totaling 26 km.

The deep rock sample (DR) was

obtained as previously described in zeolitized tuff
where recharge water has collected to form a perched
water zone (Haldeman and Amy, 1993a) .

The deep rock

was nearly saturated but because it was zeolitized,
had low permeability (Thordarson, 1965) .

The sample

was aseptically excavated from the wall of the tunnel
approximately 10 m from the fracture -flow water after
first removing approximately 8 cm of rock to create a
fresh rock face.

Removal of a few centimeters of rock

has been shown to eliminate surface contamination and
allow the recovery of indigenous microbiota (Haldeman
and Amy, 1993a) . Soil from the top of the mesa (TS)
was obtained from the top of the mesa at an elevation
of 2,200 m, 400 m above the subsurface samples. The TS
sample was obtained by aseptically scooping soil to
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depth of approximately 5cm into a sterile container
after the first 2 cm of surface soil had been removed.
The samples obtained from near the top of the mesa,
rock (TR) and paleosol

(TP), were excavated from an

outcrop of the mesa at an elevation of 2,060 m
(approximately 260 m above the subsurface samples) .
The TR and TP sampling site was on a face of the mesa
which slopes away from the caprock and exposes
subsurface rock formations.

The paleosol layer was

located approximately 8 m above the TR rock layer.
The TR and TP samples were hand excavated with alcohol
flame-sterilized tools into sterile containers after
aseptically removing approximately 12-14 cm of rock to
create fresh rock faces.

Outflow spring

water (SW)

was sampled 4.8 km to the east of Rainier Mesa in an
abandoned mine shaft at approximately 1330 m
elevation.

Water drops were collected from a free-

falling seep into sterile containers.

All samples

were transported on ice to the laboratory and analysis
was initiated within 6 h.

Temperature measurements

were taken in the field, and pH

(Janitzky, 1986) and

gravimetric moisture contents were determined in
triplicate for each sample in the laboratory.

Microbial characterization
All samples were homogenized and were split into three
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siobsatrples for microbiological analysis. Slurries of
ground rock and soil samples (1:10 w/v) were made in
artificial pore water (APW), formulated to mimic in
situ pore water (Airy, et al., 1992; Haldeman and Amy,
1993a). For direct counts 9 ml portions of slurries
or water samples were fixed with 135 ul formaldhyde
and vigorously mixed with 1.0 ml of molten Noble agar
(Difco) in a procedure modified from Ghiorse and
Balkwill (1988) . Slides were stained with 0.1%
acridine orange containing 0.5 ug of 4',6-diamidino-2phenylindole (DAPI) dihydrochloride per ml of
solution, and were viewed at 100Ox with a Nikon
Optiphot epifluorescence microscope fitted with a
Nikon Fluor 100 X objective lens, a 100 W mercury
bulb, and a UV-IA filter cube.
of

Twenty fields on each

four replicate slides were counted and averaged..
Slurries, prepared as described above, and water

samples were serially diluted in APW and plated in
triplicate on R2 agar (Difco, Reasoner and Geldreich,
1985) . Plates were incubated at 24°C for
approximately 10 days before counting.

No change in

colony number was observed after this time.

Shannon

diversity and eveness indices (Atlas and Bartha,
1987), percent fungi, actinomycetes, bacteria, and
pigmentation of recoverable microbiological communites
were determined from triplicate spread plates.
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Five tube most probable number (MPN) analyses of
denitrifying, nitrogen-fixing, and H^S-producing
bacteria were prepared and determined as previously
described (Haldeman and Amy, 1993a) . Numbers of ironoxidizing bacteria were determined by inoculating 100
ul of three dilutions of the water sample or sample
slurry into five tube MPN tests containing ATCC ironoxidizing medium (Ghema and Pienta, 1992) . Tubes were
scored after 6 wk incubation at 24°C.
One of each distinct colony morphotype was
selected from each set of plates for purification and
isolate characterization (Haldeman and Amy, 1993b) .
Isolates were considered pure after two successive
streak plates contained a single colony type and after
confirmation by Gram staining.

Isolate

characterization included colony and cellular
morphologies (Table 2), oxidase tests (Dry slide,
Difco) ,

and citrate, urease, and |3-galactosidase

tests as described by Kblbel-Boelke, et. al. (1988).
These tests have been successfully used to profile
endolithic and water isolates from Rainier Mesa (Amy,
et al., 1992).

Statistical analysis
Samples were subdivided into three subsamples that
were subsequently analysed as distinct units to
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determine heterogeneity within a particular rock,
water or soil sample.

Analyses of variance were

conducted to determine significant differences among
mean values of microbiological parmeters measured for
each sample, DR, FW, SW, TS, TP, and TR (a = 0.05,
degrees of freedom) .

R e s u lt s
Physical characteristics of samples from Rainier Mesa
are presented in Table 1. The average moisture content
of the rock and soil samples varied from 3.4% in the
surface soil to 12.9% in the subsurface rock.

The

surface rock and paleosol samples also exhibited low
moisture contents, 6.3 and 9.4%, respectively.

The pH

of most samples (7.4 - 8.5) was in the physiological
range for many bacteria, although alkaline in the
paleosol sample, pH 9.0. The subsurface samples
demonstrated lower temperatures than the surface
samples, but only differed by approximately 10°C.
Numbers of culturable heterotrophic bacteria,
direct counts, diversity, eveness, and the numiber of
distinct bacterial morphotypes determined from all
samples are presented in Table 2.

Fungi constituted

21 % of the total recoverable community in the TP and
0.5 % of the TS samples, but no fungi were recovered
from other samples and they were not included in
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tabulations within Table 4. Direct counts were several
orders of magnitude greater than culturable cell
counts but no correlation between direct and
culturable counts was discerned.

Direct counts were

higher in surface samples than in deep rock and
fracture water samples, but analysis of variance did
not show differences to be significant.

The

culturable count from the top soil sample was
significantly higher than culturable counts from other
samples.

The fracture water sample had a culturable

count (approximately 50 cells/ml) that was several
orders of magnitude lower than all other culturable
counts.

Diversity was significantly greater in the

top soil and spring water than in other samples and
more distinct morphotypes were isolated.

Eveness

indices of samples were shown to be significantly
different between all samples except TR and DR which
had values of 0.69 and 0.70, respectively.

The

recoverable microbiota from the fracture water sample
were the most evenly distributed (eveness = 0.9) .
Most probable number enumerations are presented
in Table 3.

The deep rock and fracture water

samples, and the top soil and spring water
demonstrated the highest numbers of denitrifying
bacteria.

Nitrogen-fixing and HgS-producing organisms

were detected in greater numbers in the top soil, top
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rock, and spring water samples as compared with the
paleosol, deep rock and fracture water.

Iron-

oxidizing bacteria were below the level of detection
in all samples.

Numbers of sulfur-oxidizing and

nitrifying bacteria were not determined in this study,
because the numbers were below the limits of detection
in other deep subsurface samples from Rainier Mesa
(Haldeman and Amy, 1993a) and from top soil and top
rock samples previously analyzed (unpublished data) .
One of each distinct colony morphotype from all
three replicates of each sample was selected as a
representative isolate for further characterization
(Haldeman and Amy, 1993b) . The proportion of the
recoverable community that an isolate represented at
the time of recovery was noted.

Morphological and

physiological characteristics of recoverable microbial
communities (Table 4) were determined by summing the
proportions of each isolate that scored positive for a
particular parameter tested in each of the three
sample replicates.
were averaged.

Values from

replicate analyses

The averaged values were used in

pairwise comparisons of the samples (Table 4) . The
proportions of flat and striated colonies, and oxidase
positive bacteria did not show significant differences
between microbial communities recovered from any
samples and are not included.

Isolates that
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demonstrated the most similarity were from the top
soil and top rock samples, and demonstrated 10/13
(77%) of the test parameters that were not
significantly different between samples.

Most sample

pairs, 13 out of 15, demonstrated significant
differences in more than 50% of the traits tested.
When comparing the subsurface samples, DR-FW (fracture
water and deep rock) , and the two water samples (SWFW), most of the traits tested showed differences
between the microbial communities, 69 and 62%,
respectively, indicating different bacterial
communities were recovered from these samples.
Table 5 presents the variability observed within
a sample; the variance of three replicates
measurements for each sample and for each of the
morphological and physiological parameters tested.
The spring water and top soil demonstrated the least
variability, vhile more variability was noted in the
top rock, top paleosol, deep rock samples, and the
fracture flow water sample.

D is c u s s io n
Comparisons of microbial communities based on
culturable microorgansims is a valid approach for
several reasons. 1) The samples were handled in the
same manner (Troussellier and Legendre, 1981) and if
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the microbial communites were similar, one would
expect the bacteria within them to behave in a similar
manner (Kolbel-Boelke, et al., 1988), which they
clearly did not.

Culturable organisms were unique by

morphological and physiological testing between
samples ; usually by greater than 50% of the traits
tested.

2) The importance of culturable organisms can

not be overlooked.

Others have shown in a soil

environment that culturable cells are larger and
represent an important portion of the total bacterial
biovolume, although fewer in number than small cell
size groups

(Bakken and Olsen, 1987; Olsen and

Bakken, 1987) . 3) Culturable cells in soil
environments have been shown to be more active and
thus may be more important in nutrient and energy
transfer (Bakken and Olsen, 1987) .

Although it

cannot be denied that dormant and viable but nonculturable bacteria are present in these environments,
much of the discrepancy between culturable and direct
counts may have consisted of dead or moribund cells.
This is especially likely in an isolated environment
with limited nutrient flux such as the zeolitized tuff
of Rainier Mesa.
enrichments

Additionally, in repeated

chemoautotrophic bacteria were below the

limit of detection, and more diverse or abundant
bacteria failed to grow on other media for the
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detection of heterotrophic organisms (Amy, et al.,
1992; unpublished data).
Differences in bacterial abundances were observed
in recoverable bacterial communites among all samples
along the chronosequence.

Surface samples had higher

direct counts than the subsurface fracture water and
subsurface rock samples.

The top soil sample

contained the largest numiber of culturable organisms.
Below the surface, counts did not decrease with depth.
Other subsurface researchers have also shown that
bacterial numbers are the highest in surface soils,
and that microbial abundance does not necessarily
coirrelate with depth (Balkwill, 1991; Bone and
Balkwill, 1988; Colwell, 1989; Fliermans and Balkwill,
1989) .
The diversities of the top soil and outflow
spring water were the highest of the samples tested
vhile the subsurface water and rock samples had the
lowest diversities.

Atlas (1984) suggested that

stressed environments have decreased diversity.

The

low diversity observed in the subsurface samples
reported here may reflect nutrient limitation/stress.
Temperature, pH and geochemical parameters
(unpublished data) were compatible with physiological
conditions used for growth of the culturable bacteria
isolated.

The subsurface rock sample was likely
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nutrient limited because no appreciable water movement
is believed to occur within the zeolitic tuff where
the subsurface rock saitple was taken (Amy, et al,
1992, Airy et al., 1993) . Matrix flow is estimated to
take greater than 250,000 years for recharge water to
reach satrple depth (Amy, et al, 1992, Amy et al.,
1993) .

Although water recharge through large

fractures and faults is estimated to be 6 to 30 years
for surface water at 400 m depth (Clebsh, 1960),
transport of fracture-water/nutrients into the
zeolitized rock in a lateral direction is negligible
due to the low permeability of the rock.
The diversity and abundance of the top paleosol
microbiota were lower than the top rock, and
comparable to the deep rock microbiota.

Other

researchers have shown paleosol strata to have more
abundant and diverse microbiota than over or
underlying sediments (Brockman, et al., 1992; Kieft,
et al., 1993); however, this was not the case in
Rainier Mesa.

Low diversity and abundance in the

paleosol may have been caused by a pH stress (pH 9.0)
in that sample or other undetermined factors, such as
toxic humic substances or the presence of
antimicrobial compounds produced by fungi that were
abundant in this sample.
Most probable number analyses demonstrated
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differences in the types of microbiota recovered from
fracture versus spring water, and surface versus
subsurface samples. Fracture flow water and outflow
spring water were clearly delineated from each other
by the abundances of nitrogen fixing bacteria,- below
the limit of detection in most of the replicate
fracture water enumerations, and abundant in the
spring water samples.

HjS-producing organisms were

detected in greater numbers in the top soil, top rock,
and spring water samples as compared with the
paleosol, deep rock and fracture water samples,
indicating that the microbial communities of surface
and subsurface environments had unique compositions.
Variability observed in the distribution of
microbiota might have been influenced by the isolation
of endolithic bacterial communities (Table 5).
Exclusive of the fracture water sample, rock samples
demonstrated the most variability.

Bacteria in rock

may be distributed in isolated microhabitats due to
lack of water for transport or because they are
attached to surfaces.

Top rock and top paleosol

samples were procurred in the vadose zone of Rainier
Mesa, and the deep rock sample was from a bed of
zeolitized tuff of low permeability.

Sampling from

environments containing isolated pockets of bacteria
may have led to variability in the recoverable
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microbiota and in subsequent measurements of their
morphology and physiology, as was observed.

The

higher variability in test parameters for the fracture
water sample, may be indicative of the relatively few
types of bacteria recovered from that sample. Although
no correlation between the number of distinct
morphotypes and sample variabiltiy could be
determined, in the fracture water sample, much of the
variability was described by the difference in
reaction between two isolates,

i.e.,

the replicates

contained 0, 1 and 2 isolates positive for oxidase and
these mdnitnal differences accounted for all the
variability within the oxidase test, and 25% of the
potenial variability.
Results of this study demonstrate differences
between recoverable microbial communities along the
chronosequence. The differences observed in
recoverable microbiota (by abundance, diversity,
evenness, MPN populations, and morphological and
physiological tests) might be expected if bacterial
communities were isolated from each other such that no
migration of bacteria occurred between samples.
Further, if bacterial transport with fracture water
were the major mode of subsurface colonization,
bacteria in that sample would be expected to be more
diverse and abundant than those in the rock strata.
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which they were not.

Additionally, distinct

tnorphotypes from the fracture water sample were not
cultured from any other sample.

Recent colonization

of the subsurface by bacterial transport in fracture
water is therefore unlikely.
Researchers have shown neglible bacterial
transport to occur with capillary water movement (Wong
and Griffin, 1976) . Lack of water in more historically
recent unsaturated strata (top soil, top rock and top
paleosol), probably would not allow for organismal
transport in these samples.

Poor matrix water flow

in Rainier Mesa, both horizontally and vertically,
would have deterred organism transport even in the
saturated deep rock environment (Amy, et al., 1992,
Amy, et al., 1993).

Alternative hypotheses could be

proposed: 1) the microorganisms present in the deep
subsurface of Rainier Mesa may have been colonizers of
the surface that were subsequently covered by volcanic
events having insufficient heat to mass ratios to
cause sterilization of previously colonized,
underlying layers of rock, or 2) subsurface organisms
in this system may have been transported in water from
either surface recharge or lateral water movement, at
a time viien geological conditions of the Mesa were
considerably different from those existing today.

In

either case, it is likely that the organisms isolated
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either case, it is likely that the organisms isolated
from the zeolitized tuff, away from fractures, are
examples of long-term survivors.
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Figure Legend
Figure 1.

Cross-section of Rainier Mesa indicating

the approximate location of the samples taken for TS
(top soil), TP (top palesol), TR(top rock), FW
(fracture water), DP (deep rock) and SW (spring
water) . Fracture lines drawn in the perched water zone
are a pictorial representation, and do not indicate
the actual location of fractures.
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Table 1.

8
■D

Physical Parameters

Physical Analysis of Samples^

DR

FW

SW

TR

TP

TS

zeolitized
tuff

fracture
water

spring
water

friable
tuff

paleosol

surface
soil

Moisture
(%)

12.9

100

100

6.3

9.4

3.4

Temperature
(°C)

15

16

16

25

26

26

pH

8.5

7.6

8.0

7.4

9.0

7.8

Sanple Date

1/26/93

1/26/93

8/6/92

8/6/92

8/6/92

8/6/92

Physical
Description
3
.
3 "
CD
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C
a
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O

Samples
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Q .
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a DR = 400 m deep subsurface rock; FW = 400 m deep free-flowing fracture water; SW =
spring water that outflows from Rainier Mesa; TR and TP = rock and paleosol,
respectively, that were sampled from 260 m aixDve the subsurface rock; TS = surface
soil, 400 m above the deep subsurface rock.
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Table 2. Community level microbiology

8

CD

3
.
3 "

Samples*

Tests
DR

FW

SW

TR

TP

TS

Direct Counts‘s

7.79

7.00

7.23

8.13

8.47

8.42

Culturable Counts°

4.83

1.63

4.10

5.07

4.24

6.46

Diversity

1.67

1.70

2.37

2.06

1.91

2.59

Evenness

0.69

0.90

0.72

0.70

0.83

0.81

Morphotypes

4.1

2.6

2.6

6.4

5.0

9.8

CD
CD
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Q .
C
a
o

3

■D
O
CD
Q .
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* DR = 400 m deep subsurface rock; FW = 400 m deep free-flowing fracture water; SW =
spring water that outflows from Rainier Mesa; TR and TP = rock and paleosol,
respectively, that were sampled from 260 m above the subsurface rock; TS = surface
soil, 400 m above the deep subsurface rock.
^ Mean values of three replicate samples are presented.
° Counts are log transformed cells/gm dry wt for rock and soil sanples or cells/ml
for water samples
Counts are log transformed CFU/gm or CFU/ml
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Table 3.

Mean estimates of bacterial numbers determined from MPN enrichments*

CD

Samples'^

8
C35"
O
3

C
nD
“n
c
3
.
3"
CD
cS
sQ.
C
o

T3
CD
Q .

DR

Bacterial Type
HjS-producing
Bacteria
Nitrogen-f ixing
Bacteria
Nitrate-reducing
Bacteria
{NO3 - NO2 )
Nitrate-reducing
Bacteria
(NO3 -* N 2)

<1

.8 x 102

1.2x103
>1

1

.6x103

.8 x 102

SW

TR

TP

TS

<1 .8 x 10 2

4. 5x103

<3.9x102

<1 .8 x 102

4.2x102

.7x102

5. 7x10'*

2

.0 x 1 0 '*

<6 .0 x 102

>1 .6 x 1 0 ^

>1.6x103

>1.8x103

1

.0 x 1 0 *

<5. 8 x 1 0 °

>1 .6 x 1 0 ]

<1.9x10°

<1.9x10°

<2

6

.9x10°

2.4x103

1

.9x10°

* Values are based on average of triplicate MPN analyses.
b DR = 400 m deep subsurface rock; FW = 400 m deep free-flowing fracture water; SW =
spring water that outflows from Rainier Mesa; TR and TP = rock and paleosol,
respectively, that were sampled from 260 m ajoove the subsurface rock; TS = surface
soil, 400 m above the deep subsurface rock.
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Table 5.

Variability within samples®
Samples®

8

■D

Test
Parameter

DR

FW

SW

TR

TP

TS

3"

1
3

Smooth
Colony

0.002

0.007

0.000

0.000

0.008

0.004

Transparent
Colony

0.011

0.005

0.000

0.067

0.040

0.000

Glossy
Colony

0.000

0.057

0.000

0.067

0.055

0.000

Pigmented
Colony

0.004

0.025

0.000

0.048

0.053

0.001

Oxidase
Positive

0.010

0.104

0.002

0.036

0.018

0.007

P-galactosidase
Positive

0.090

0.031

0.001

0.001

0.107

0.000

Urease
Positive

0.008

0.007

0.000

0.061

0.039

0.003

Citrate
Utilization

0.000

0.021

0.001

0.065

0.003

0.009

Gram Negative

0.006

0.065

0.001

0.000

0.020

0.003

Single*)

0.010

0.005

0.000

0.000

0.001

0.003
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Filamentous
Shape

0.000

0.005

0.000

0.063

0.010

0.001

> 1 /xm in
Size

0.004

0.005

0.002

0.000

0.064

0.002

Substrate
Mycelium

0.000

0.000

0.000

0.063

0.016

0.001

Rod Sliape

0.006

0.063

0.000

0.000

0.019

0.002

Total

0.149

0.400

0.009

0.471

0.453

0.036

Average

0.011

0.029

0.001

0.034

0.032

0.003

‘‘ DR
400 m deep subsurface rock; FW = 400 m deep free-flowing fracture water; SW =
spring water that outflows from Rainier Mesa; TR and TP = rock and paleosol,
respectively, that were sampled from 260 m above the subsurface rock; TS = surface
soil, 400 m above the deep subsurface rock.
'' Single cells, not associated in chains or clusters.
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CHAPTER 6
CHANGES IN BACTERIA RECOVERABLE
FRŒi SUBSURFACE VOLCANIC ROCK
SAMPLES DURING STORAGE AT 4°C

This chapter has been accepted for publication in
Jipplied and Environmental Microbiology and is
presented in the style of that journal. The complete
citation is:
Haldeman, D. L., P. S. Amy, D. C. White, and D. B.
Ringelberg. Changes in bacteria recoverable from
subsurface volcanic rock samples during storage
at 4°C. ^ p l . Environ. Microbiol. In press.
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ABSTRACT
The abundance of viable microorganisms recovered
from deep subsurface volcanic rock samples increased
after rock perturbation and storage for 1 wk at 4°C,
while diversity and eveness of recoverable
heterotrophic bacterial communities generally
decreased.
colony

One of each

morphologically distinct

type, recovered both before and after storage

of U12n rock samples, was purified and characterized
by fatty acid methyl ester (MIDI) and API rapid NFT
strips.

By MIDI cluster analysis, the composition of

the recoverable microbial communities changed with
storage of rock samples; some groups of organisms were
recovered only before, only after, or throughout
storage.

In general the isolates recovered only after

storage of rock samples had greater ability to utilize
carbohydrates included in the API test strips, and had
faster generation times, as compared to the isolates
that were recovered only on initial plating.
Nutritional versatility and faster growth rates of
organisms recovered in higher proportions after sample
storage provide evidence that some microbial community
changes may be due to the proliferation of a few
bacterial types.

However, because some new genera are

recovered only after storage, the possibility also
exists that dormant bacterial types are resuscitated
154
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during sample perturbation and storage.

INTRODUCTION
Claude Zobell first described the "bottle effect"
in 1943, noting that the abundance of microorganisms
increased during the storage of water samples,
especially on the surfaces of containers where
nutrients concentrated (29).

Changes in microbial

communities that occur during the storage and
perturbation of microbiological samples has since been
a concern of microbial ecologists and special care is
taken when designing experiments to alleviate these
affects.

Precautions include minimizing storage time

before initiation of sample analysis, storing and
transporting samples at temperatures that decrease the
activity of microorganisms without causing cell death,
flushing sample containers with inert gases, and
procuring samples with as little disruption to the
sample as possible (3,28) .
An increase in viable count and a decrease in
recoverable microbial diversity were observed in deep
subsurface volcanic rock samples that were analyzed
one week after storage at 4° C (2).

Others have

reported similar changes in stored samples from deep
subsurface environments: aquifers (17), volcanic rock
(12) and paleosols (9).

The purpose of this research
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was to quantify change in microbial abundance,
diversity, and eveness within deep subsurface volcanic
rock samples and to characterize and compare
microbiota recovered only before, only after or
common to both sample times. Changes were documented
in samples that were stored at a temperature that is
commonly employed by microbiologists.
Characterization of specific microbial types,
including physiological testing and growth rate
determinations, was initiated to determine mechanisms
by vdiich microbial types might change community
composition.

Hypotheses concerning the basis for

microbial community change include:
few bacterial types,
bacterial types, or

1) growth of a

2) resuscitation of dormant
3) a combination of both

phenomena.

MATERIALS AND METHODS

Sanple sites and collection.

Samples were

obtained from the walls of deep subsurface tunnels at
Rainier Mesa, Nevada Test Site as described by
Haldeman and Amy (14) . Rock was aseptically chipped
into sterile containers after first creating fresh
rock faces with alcohol flame-sterilized tools for
samples B, Gl, G2, and PI.

For samples N2, N8, N9,

N13, N16, N18 and N19 an alpine miner was used to
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excavate into the tunnel walls to distances of
approximately

0.76

(N13) and 3.04 m

(N2), 1.52

(N8 and N9), 2.28

(N18 and N19), where fresh rock

faces were created for sampling by hand

(15).

Physical characteristics of sample sites are described
elsewhere (1 4 ).

Samples were transported to the

laboratory in coolers on ice in an effort to
approximate ambient rock temperatures (15-24°C) .
Sample analysis was initiated less than 6 h after
sample collection.
Sanple analysis.

Sample analyses, both before

and after 1 wk of storage at 4°C, were carried out
identically.

Samples designated with an asterik ( *)

represent stored samples ; e.g., N2 and N2* were
samples analyzed before and after rock storage,
respectively. Sample workup is described by Haldeman
and Amy (14).

All materials were cleaned and

sterilized before use.

Rock was crushed with a mortar

and pestle, and stored in air tight containers at 4°C.
Slurries were made at each sample time by

diluting

crushed rock 1:10 with artificial pore water

(APW), a

formulation developed to mdtnic in situ pore water
chemistry (2) .

Slurries were shaken for 1 h before

viable count, direct count and most probable number
(MPNs) analyses were initiated.

Viable counts for all

samples were determined by averaging colony counts
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from triplicate spread plates on R2A agar (Difco) .
Shannon index for diversity and eveness of microbial
distribution

(3) were determined from triplicate

spread plates where colonies could be easily
differentiated.

APW was used as a diluent and

incubations were carried out for 2 wk at approximately
24°C.

Direct counts were determined with either

acridine orange or 4 ', 6-diamidino-2-phenolindole
(DAPI) (14) . For MPN analysis, each of three serial
dilutions of rock sample were added to 5 tubes of
nitrogen-fixing, denitrifying, nitrifying, sulfuroxidizing, and sulfur-reducing media (14).

Tubes were

incubated for 6 wk at 24 °C.

Isolate analyses.

One of each morphologically

distinct colony type was selected from R2A spread
plates of samples analyzed before and after storage
(13).

This has been shown to be a reliable means for

selecting representative organisms at the species
level (Euclidean distance ^ 10) from deep volcanic
rock samples (13).

Isolates were also recovered from

turbid but negative MPN tubes of sulfur-oxididation
and nitrification media.

Isolates were purified in

the manner previously described (14).

Fatty acid

methyl esters (FAME) were prepared and analyzed by
capillary gas chromatography;
version 3.6 (24).

TSBA aerobe library

The MIDI system generated
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dendrograms from fatty acid methyl ester profiles on
the basis of a Euclidean distance scale (13,15).
Isolates were physiologically characterized by APIrapid-NFT test strips (Analytab) prepared as described
by the manufacturer, except APW was used as the
diluent and incubations were carried out at 24°C.
Overnight cultures of bacteria were inoculated into
R2B broth (14) and the optical density of cultures was
determined in a Klett-Summerson colorimeter. The
doubling times of specific isolates were determined
from the logarithmic portion of replicate growth
curves.
Some results from initial analysis of sartples B,
Gl, G2, PI, P2, N9, and N19 were presented by Haldeman
and Arty (14) including direct and culturable counts.

RESULTS
Microbial communities recovered from deep
subsurface volcanic rock samples changed in abundance
and composition after rock was stored for 1 wk at 4°C
(Table 1).

Viable counts were several orders of

magnitude greater in most samples, vhile Shannon
diversity and eveness generally decreased.
of colony types recovered decreased in
samples (73%) .

The number

8 of the 11

In two of the samples vbere diversity

and eveness increased after storage (samples N16 and
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N18), more bacterial types were recovered after
storage, viiile in a third sample (G2) , the number of
colony types remained constant.

In sample N13/N13*,

diversity remained the same even when the number of
colony types increased during storage,

because a few

colony types increased dramatically in dominance.
Additionally,

although there were

15 colony types

recovered after storage, eight clustered into only
three genera on the dendrogram (described below), thus
the increase was not as striking as if the new
colonies represented new genera.

Direct counts,

although difficult to determine on autofluorescing
rock samples, did not appear to increase, certainly
not several orders of magnitude as observed in some
culturable cell counts (data not shown) .
MPN analyses demonstrated changes in bacterial
communities of different metabolic types (Table 2) .
The numbers of nitrogen-fixing bacteria were greatly
increased in the stored G2* and N19* samples as
compared to initial analysis.

The abundance of

denitrifying bacterial populations was increased in
samples PI and N19.

MPN numbers of HjS-producing,

sulfur-oxidizing, and nitrifying bacteria were below
the limits of detection in all samples both before and
after storage.

Although testing negative for acid

production, some sulfur-oxidizing and nitrifying MPN
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tubes became turbid within the 6 wk incubation period.
Although these media did not contain an organic
source, heterotrophic organisms from these tubes were
isolated on R2A agar and were found to be unique by
colony and cellular morphology, MIDI identification,
and/or API profiles compared to organisms originally
isolated on R2A agar from the same rock samples.

Some

MPN isolates were identified by MIDI analysis as
belonging to the genera, Arthrdbacter, Xanthcmonas,
Micrococcus, Flavobacterivm, Agrobacterivm,
Pseudomonas, and Acinetohacter.

Five of the 60 MPN

isolates (8%) were not matched to the MIDI data base
or any other organism cluster until a Euclidean
distance of >25, the genus level (27).
MIDI dendrograms, based on fatty acid methyl
ester profiles of bacterial isolates recovered from N
and N* samples, were used to confirm observations of
changes in the composition of culturable communities.
Two representative dendrograms of isolates recovered
from samples N2/N2* and N16/N16* are depicted in
Figures lA and IB, respectively.

Microorganism

clusters at a Euclidean distance

< 25 (the genus

level) were used to determine whether organisms were
recovered only upon initial plating, only after sample
storage for 1 wk, or at both sample times.

Clusters

were numbered and labeled "B" (Before) and "A"
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(After), to reflect the time points from which the
isolates included in each cluster were recovered.
Clusters containing isolates recovered from both time
points were denoted as "T" (Throughout) .

Community

proportions were determined as the frequency of
occurrence of a particular isolate as compared to the
total number of colonies on original R2A plates.
Organisms from some clusters such as those in
1, 4, 6, 7, and 8 (Figure lA) were no longer recovered
after 1 wk of sample storage.

Often, these organisms

represented a small proportion of the original
recovered bacterial community; e.g., clusters 1, 4,
and 6 from the N2/N2* dendrogram contained

< 1 , 5,

and 1 percent of the initial recoverable community,
respectively.
Some genera were recovered from both sample times
as demonstrated by clusters 3, 5, 9, and 11 of Figure
lA.

However, the isolates within the clusters were

not always recovered in the same proportions at both
sample tiroes.

For example, organisms within the 9th

cluster {Acinetohacter) were recovered at both sample
times, 32% of the initial and 2% of the after storage
community.

In cluster 11 {Hydrogenophaga) , the

opposite trend occurred;
< 1 % of the initial community, increased to
approximately 8% after storage.

Not all changes in
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bacterial cotnmuiiities were associated with Gram
negative genera.

In dendrogram N16/N15*, cluster 3

(Figure IB), approximately 40 % of the initial
Arthrobacter community (three isolates) was decreased
to a single isolate comprising 19% of the community
after storage.
Some genera recovered only after storage made
up significant proportions of the recoverable
bacterial communities; exemplified by cluster 2 of the
N2/N2* dendrogram {Pseudanonas) and cluster 5 of the
N16/N16* dendrogram {Arthrobacter) .

Isolates from

these clusters coirprised 55 and 43 percent,
respectively, of the total recoverable community, yet
were undetected upon initial plating.

Interestingly,

some of the bacteria recovered only after sample
storage were only distantly related to organisms
recovered before storage; i.e., clusters 6, 7, and 8
in Figure IB were not related to "before" organisms
until a Euclidean distance > 50.
A summary of all dendrograms from pairs of N/N*
isolates is presented in Table 3.

Although similarity

levels < 0.300 were included in Table 3 for ease of
discussion, values > 0.300 were considered acceptable
for the environmental isolates in this study (15) .
Organisms no longer recovered after initial platings
belonged to the genera Methylobacterivm (N2/N2*),
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Micrococcus (N16/N16*), Pseudomonas (N19/N19*) , and
genera unmatched to the MIDI data base or at low
similarity indices.

Often, the genera lost comprised

orü.y a small component of the bacterial community, but
not in all cases.
(sample N2) and

Organisms within

Norcardiodes

Micrococcus (Sample N9) clusters were

dominant at the time of initial plating.

Organisms

recovered throughout sample storage that demonstrated
large change (> 10% difference in community
composition between initial and after storage values)
included members of the genera

Arthrobacter (N2/N2*,

N9/N9*, N16/N16*), Acinetobacter (N2/N2*) ,

genera

unmatched to the MIDI data base or genera distantly
related to Gordana (N13/N13* and N16/N16*) . Organisms
recovered only after sample storage belonged to the
genera

Arthrobacter (N2/N2*), Pseudomonas (N2/N2*,

N16/N16*), Micrococcus (N13/N13*), Acinetobacter
(N13/N13*), Methylobacterivm (N16/N16*) , or genera
unmatched to the MIDI data base.

Often, the isolates

found in clusters recovered only after sample storage
were dominant in those communities.
Analysis of carbohydrate utilization tests (API
rapid NFT test strips) by specific isolates from U12n
tunnel samples revealed changes in the nutritional
versatility of isolates

recovered before (B), after

(A) or throughout (T) sample storage (Table 4) .

In
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all samples except N9, a higher percentage of the
isolates recovered after storage had the ability to
utilize two or more carbon substrates compared to
isolates recovered only before storage.

The

percentages of isolates recovered at both sample times
that were able to utilize two or more of the tested
compounds as a sole carbon source were intermediate
values in mrast cases.

Interestingly, 80 % (48/60

isolates) of the organisms recovered on R2A plates
from turbid but negative sulfur-oxidizing and
nitrifying MPN tubes were capable of utilizing at
least two of the API test strip carbon sources.
Bacteria isolated from rock samples before,
after, and throughout storage were selected from
N2/N2* and N16/N16* samples and their generation times
were determined (Table 5) . The doubling times of the
isolates recovered before sample storage were
significantly slower than the rates of "after"
isolates (p = 0.10) with mean doubling times of 4.79
and 2.21 h, respectively.

Isolates recovered

throughout sample storage demonstrated a wide range of
doubling times, from 0.98 to 9.90 h.

DISCUSSION
When volcanic rock samples were stored at 4°C for
1 wk the abundance of recoverable microbiota
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increased, while the diversity and eveness of
microbial communities changed, usually decreasing.
Other researchers have described similar phenomena in
stored subsurface samples; paleosols (8,9) sediments
(11), and aquifers (17).

Analysis of specific

isolates throughout storage was not determined in
those studies, and thus, results of their research
cannot be compared to isolate analyses discussed here.
To our knowledge, this is the first report where
specific microbial isolates were analyzed in
conjunction with microbial changes that occur in
stored samples.
Direct counts were difficult to estimate due to
autofluoresing rock particles, but they did not
increase in those samples analyzed, certainly not
orders of magnitude, as observed with culturable cell
counts. Other subsurface researchers have reported
constant direct counts during storage of subsurface
samples for various time periods, over 6 wk (11) and
over 100 d (9) . It would be valuable to have a more
reliable technique to estimate total cell counts that
would definitively prove whether or not total cell
counts increase in correlation to culturable cells.
However, even if total counts could be accurately
determined, it would not necessarily lend insight into
which microbial types change in abundance and/or are
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culturable.

For example, some cell types may undergo

lysis, providing growth substrates for other organisms
(6) , thereby leaving a sample with the same total
count but perhaps with a quite divergent microbial
composition.
The total viable biomass could be determined from
the phospholipid ester-linked fatty acids (PLFA)
recovered directly from the samples (5) .

This

technique could have been used to determine if the
total viable biomass increased, and from a
determination of the diglyceride content the changes
in degree of lysis with storage. But, as with direct
counts, examination of the changes in patterns in PLFA
might have indicated changes in cell types with
storage, however, they would still

not have provided

definitive evidence for changes in the status of
viable bacteria, i.e., culturable or viable but nonculturable.
A particular focus in this study was the change
which occurred in the composition of the recoverable
microbial communities; some bacterial types were
isolated on R2A agar only upon initial sample plating,
some only after sample storage for 1 wk at 4°C, and
some were present at both sample times.

The isolates

recovered at both sample times, often comprised
different proportions of the total recoverable
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community at the two storage times.

There did not

appear to be a pattern in the types of bacteria that
underwent changes in abundance during sample storage.
For example, both Gram negative and Gram positive
organisms were recoverable at all time points, and
there was not a predominant change in community
composition from Gram negative to Gram positive
organisms, or vice versa.

However, within individual

samples, the types of organisms recovered during
sample storage often changed dramatically.

For

example in sample N2/N2*, five clusters (eight
organisms) including an actinomycete that represented
46%

of the before storage community, were lost during

storage and were replaced by two clusters
{Arthrobacter and Pseudanonas) which made up 78% of
the after storage community.
The observed changes were not restricted to those
organisms culturable on R2A agar.

Although the tests

for chemoautotrophic bacteria were below the level of
detection in both before and after storage samples,
the numbers of nitrogen-fixing and denitrifying
bacteria exhibited changes in abundance (usually
increases) with sample storage, similar to that seen
with culturable heterotrophs.
Several hypotheses can be proposed to explain the
observed increase in culturable cell count and
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decreased diversity, including; 1) the proliferation
of specific microbial types encouraged by sample
perturbation or storage conditions, 2) previously nonculturable cell resuscitation due to sample handling,
3) the increase in culturable cell count reflects a
combination of the two phenomena.
Although the

inherent spatial variability of

microbiota within the rock could have impacted the
results, it is unlikely that heterogeneity accounted
for all of the observed changes during storage.

It

is statistically unlikely that all 11 samples would
have dermonstrated an increased culturable count after
storage.

Likewise, diversity and eveness decreased

in mnost samples.

Samples analyzed subsequent to this

study with replicates of crushed and homogenized rock
have shown that heterogeneity between replicates
consistently decreased during storage (manuscript in
preparation).
The appearance or increase in bacterial
populations after sample storage adds evidence to
support the growth hypothesis.

Results from analysis

of isolate dendrograms indicated that some microbial
populations were recovered exclusively, or comprised
increased proportions of the total recoverable
community, after storage.

Colony types appearing only

after storage may have been rare types, below the
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level of detection upon initial plating, but
detectable after growth.

Organisms recovered only

after sample storage (or in increased proportion)
would be expected to be successful competitors for
resources.

Results presented here support this

assertion because isolates recovered only after sample
storage often exhibited an ability to use a wider
array of carbon sources in the API-rapid-NFT strips,
and had faster generation times than isolates
recovered only before sample storage.

Mason and Hamer

(23) have suggested that microbes capable of
utilization of a wide variety of carbon sources may be
capable of cryptic growth, i.e.,
carbon sources.

growth without added

No carbon was intentionally added to

the stored rock samples or the MPN tubes, but
increases in cell abundance were observed in both
instances.
Results- from this study also support the
resuscitation hypothesis.

Results from this and other

studies suggest that VBNC organisms may represent a
large portion of natural microbial communities, and
that they may be resuscitated by physical and chemical
means (10,18,20,25).

Evidence pointing to the

presence of VBNC cells before sample storage includes
the recovery of new bacterial types found only after
storage that were often unrelated (large Euclidean
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distances) to any isolates recovered before storage.
Further, it is improbable that an organism, such as
that seen in cluster 5 of Figure IB, which was not
detectable upon initial plating came to represent 37%
of the after storage commuaitiy by proliferation in an
environment with no nutrient addition and at a
restrictive growth temperature (4°C) . Byrd, et al.,
(10), noted increases in numbers of culturable
organisms in aqueous microcosms without the addition
of exogenous nutrients, demonstrating that nutrient
availability for growth may not be the only
influencing factor responsible for the increase in
culturable count.

Low temperature may not only have

inhibited growth, but may have facilitated the
resuscitation of dormant bacteria stored in rock
samples.

Nilsson et al. (25)

have shown temperature

to be important in the resusitation of VBNC organisms.
Other physical factors may also be necessary for
microbial resuscitation including unavoidable
perturbations caused by sampling and sample handling
(19).

Although new bacterial types may have been

initailly rare (below the level of detection) and were
subsequently detected after growth,

it cannot be

definitively proven that this is the case and the
supporting evidence above suggests that a second
phenomenon imay have occurred.
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The recovery of MPN isolates further supports the
resuscitation hypothesis.

The MPN isolates were

determined to be unique from those recovered R2A from
the same samples, by comparison of colony and cellular
characteristics, API-rapid NFT profiles, and MIDI
identifications.

Even though these isolates were

capable of growing on R2A, they may have required
resuscitation in carbon-free media.
(20)

Lopez and Vela

demonstrated that non-culturable bacteria could

only be cultured after resuscitation in a soil extract
medium.

Like organisms in this study that have been

isolated in carbon-free media, others have
demonstrated that some bacteria can be recovered only
on low nutrient or non-selective media, but that these
organisms can be transferred to high nutrient (21), or
to selective media (1,7) after initial resuscitation.
In the case of the MPN isolates, R2A would represent
the high nutrient (selective) medium on which only
those organisms that were resuscitated could be
recovered.
In light of evidence for both the growth and
resuscitation hypotheses, it is likely that the
combination hypothesis (growth and resuscitation) is
needed to explain the phenomena that occur during
storage of rock.

Some microbial populations increase

significantly in number during sample storage, likely
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due to proliferation, while some microbial types,
especially those with slow growth rates that only
appear after sample storage, may represent VBNC
organisms that were resuscitated by some process of
sampling or sample handling.

In any case, ttiicrobial

corarmunities change with storage, and thus it is
imperative that samples be immediately analyzed,
especially if comparisons between samples are to be
imade.

This may be especially important vdien

monitoring environmental change such as during
bioremediat ion.
Microbial ecologists

have frequently reported

the recovery of different portions of microbial
communities on various media (4,16,22,26) .

Perhaps

the different groups of organisms seen on specific
media

represent not only those vhose growth

requirements are being met, but also, those which have
been resuscitated under the handling and growth
conditions employed.

Different bacterial types were

recovered in this study not only because of the media
used (R2A agar, or carbon-free MPN media with
subsequent transfer to R2A) but also because of the
storage process.

To realize full community potenial,

resuscitation conditions as well as media and growth
conditions must considered.
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Figure Legend:
Dendrograms A and B depicting relatedness groups
of isolates from samples N2/N2* and N16/N16*,
respectively, at the genus level; Euclidean distance
^ 25, (27).

Stars represent organisms recovered after

one week of sample storage. Cluster type designations
describe whether organisms were isolated only before
(B), after (A) , or at both time points (T) of sample
storage.
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•’ storage conditions were: 1 wk at 4°C in air-tight containers.
" log cell/gm dry wt
‘ ci'Tj/gm dry wt
Net change = the difference between counts, and was determined
before log transformation.
^ ND = not determined.
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Table 2.

MPN Enrichment Data Showing Estimates of Cells/ Gram
Wet Weight.*
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BDL*)
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Denitrification
(NOa* Formation)
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4. Percent of Isolates Capable of Utilizing Two or More Substrates
as a Sole Carbon Source.

Sample Site

Before

Throughout*

After

N2/N2*

83

86

100

N8/N8*

60

0

100

N9/N9*

25
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0
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0
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0
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100
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Table 5. Doubling times for isolates obtained from samples N2/N2* and N16/N16**.

Before

Throughout*)

After

n = 7

n = 25

n = 11

Mean Doubling
Time (hours)

4.79 (2.8)

3.20 (2.6)

2.21 (0.93)

Range of Doubling
Times (hours)

1.23 - 9.18

0.98 - 9.90

1.09 - 3.777
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■' Numbers in parentheses indicate standard deviations
b "Throughout" isolates were recovered both before and after 1 wk of storage at 4°C
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CHAPTER 7
BACTERIAL COMMÜNITÏ CHANGE IN SUBSURFACE
ROCK, WATER AND CLAY AFTER
PERTURBATION AND STORAGE

This chapter has been prep^ed to be submitted to the
Canadian Journal of Microbiology and is presented in
the style of the journal. The cotiplete citation is:
Haldeman, D. L., and P. S. Amy. Bacterial
community change in subsurface rock, water and clay
after perturbation and storage. Can. J. Microbiol. In
preparation.
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Abstract
The composition and abundance of recoverable
microbiota changed during storage of deep (400 m)
subsurface samples of volcanic fracture-rubble rock,
zeolitized tuff, clay, and water. Culturable counts
increased and the diversity of recoverable microbiota
decreased in samples that were stored at 4°C for
periods up to 45 d. Respiring cell counts were lower
than direct, and higher than culturable cell counts,
but did not show a correlative increase with the
latter during sample storage.

Comparison of

recoverable microbiota from replicate samples
demonstrated that unique bacterial types were either
lost or recovered at specific time points througout
storage, and that microbial variability within most
samples decreased with storage time.

Because both the

abundance and composition of microbial communities
changed in stored subsurface samples, they should be
analyzed immediately after sampling to provide
representative information about undisturbed microbial
communities. Analysis of samples throughout storage
may more accurately reflect the total recoverable
coimmunity potential.

Some microbial types are only

recovered after storage and may represent dormant
bacteria that required resuscitation.
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Introduction
Sanple integrity has long been of concern to
microbiologists, and historically, samples for
microbiological analysis were stored at temperatures
believed to inhibit bacterial outgrowth, commonly 4°C
[2,23, 25] . However, subsurface researchers have
observed changes in recoverable microbial communities
from samples analyzed before and after storage at
inhibitory growth temperatures. Increased abundance
and decreased diversity have been reported after
storage of rock (4°C) [1, 9, 13, 14] , paleosol (4°C)
[5,9] , and aquifer (9°C) samples [16] . The use of
different sampling strategies, sample handling
regimes, and storage conditions have made comparisons
between storage-related phenomena from these
environments difficult.

Additionally, few researchers

have focused on the recovery of specific types of
microbes and how they differ in abundance and
composition throughout sample storage .
The fact that microbial communities change during
sample storage provides evidence that

full "community

potential" is not recovered at a single time point;
the recoverable community changes due to sample
perturbation and storage with time.

This has

implications for microbial ecologists because field
sites may not be near laboratory facilities, thus
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necessitating the storage and shipment of samples.
Further this has implications for subsurface
researchers and those involved in bioremediation
projects, because subsurface samples are difficult to
obtain

[3,8,20] , and often tmust be stored for

shipment to laboratory facilities before analyses can
be inititated.

Researchers have reported that not

only are bacterial types lost, but also, new microbial
types may be recovered after storage, some only after
prolonged time periods [9, 13, 14, 15] .

Therefore,

sampling at any one time point will provide an
incomplete description of microbial communities,
possibly misleading researchers.

For example, those

interested in the recovery of specific microbial
types, i. e.,

those with corrosive, pathogenic or

bioremediation potential, may not detect target
organisms at any one sample time.
The purpose of

this work was to compare deep

subsurface clay, fracture water, zeolitized tuff, and
fracture -rubble rock samples to determine the ubiquity
of storage-related phemonena in various subsurface
materials.

Culturable, direct, and respiring cell

counts, as well as diversity and evenness indices were
used to compare microbial communities during storage
to 45 d at 4°C.

Importantly, bacterial types

recovered at each time point were compared to
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determine differences in recoverable community
structure.

Materials and Methods
Sample sites and collection.

Microbiological

samples were collected from U12n tunnel system.
Rainier Mesa, Nevada Test Site at approximately 400 m
depth.

The ambient temperature of the subsurface site

was 16°C, and the pH of all samples was approximately
8.0.

The gravimetric moisture contents of the

zeolitized tuff,

fracture-rubble rock, and clay were

4.7, 9.4, and 35.1 %, respectively.

The free-flowing

fracture water (18.9 L/min) was collected from a seep
into sterile containers [1] .

For the rock and clay

samples, the exposed faces of the tunnel wall were
first removed with alcohol flame-sterilized tools
before the samples were aseptically chipped or scooped
into sterile containers [10] .

The rubble and clay

samples were obtained within a fracture containing
free-flowing water, vhile the zeolitized rock was
sampled approximately 4 m away from the fracture. The
samples were transported to the laboratory in coolers
containing ice and sample analysis was inititated in
less than 6 h.
Sample analysis.

The rock samples were

aseptically ground with sterile mortars and pestles.
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and were homogenized in sterile Mason jars.
Gravimetric moisture content and pH [17] were
determined in triplicate on homogenized rock
samples.

and clay

Homogenized rubble, zeolitized rock, clay

and water samples were stored at 4°C.
and 45 d, triplicate portions of

At

0, 2, 11,

rock and clay

samples were made into 1:10 wt/vol slurries with
artificial pore water (APW) containing 0.1% sodium
pyrophosphate [12] . Slurries and water samples were
treated and plated in triplicate onto R2A agar (Difco)
as previously described [1, 10,12] . After incubation
for 2 wk at room temperature (23-24°C), culturable
organisms were enumerated, and colony types and their
proportions were determined from the lowest readable
dilution plates. One of each distinct colony type was
selected for purification and comparison within a
sample type and time [11] .
A modified method of Rodriguez et. al. [21] was
used to determine the number of respiring bacteria.
Portions of

rock slurries (or water samples)

were

added to 5 mM CTC in R2B broth at a 1:2 dilution.
After incubation for 8 h (in the dark with 125 rpm
shaking), portions of the mixtures were filtered onto
0.2 /xm Irgalin black filters (Porectics), and rinsed
with filtered distilled water.

Filters were prepared

as for epifluorescence direct counting (24) and twenty
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fields were analyzed under oil immersion at lOOOX with
a Nikon Cptiphot fluorescence microscope.

DAPI

(4 ', 6-diamidino-2-phenylindole)/Acridine orange direct
counts were determined as previously described [10,
12] .
Calculations and statistical analysis.

Numbers

of culturable organisms were determined by averaging
the colony forming units observed on triplicate spread
plates and multiplying by the dilution.

Shannon

diversity and evenness indices were determined as
previously described

[2, 121.

The evenness index

ranges in value from 0 to 1, while maximum diversity
is equal to the number of colony types.

Respiring and

direct cell counts were calculated by averaging the
number of cells in twenty fields and multiplying by
the dilution factor.
Analysis of variance tests and Bonferoni
confidence intervals (o = 0.5) were used to determine
tertporal differences in microbial parameters. These
included 1) culturable cell

counts, 2) respiring cell

counts, 3) diversity indices, 4) eveness indices, and
5) numbers of distinct colony morphotypes.

Results
Culturable and respiring cell enumerations are
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depicted in Figure 1, panels A and B, respectively. By
day 45, culturable counts had increased significantly,
as cortpared to time zero analyses, in all sartples
except the zeolitized rock, which had the lowest
moisture content (4.7%) . An increasing trend in
culturable count was observed during storage of that
sample as well, although a statistically valid
increase could not be demonstrated due to replicate
variability.

In all cases, the CTC count (Fig. IB)

was increased after 2 days of storage and had dropped
by day 45, unlike the pattern of continually
increasing culturable counts observed throughout
storage.

However, because of the variability in CTC

counts, no statistical trends could be demonstrated.
Respiring cell (CTC) counts were comparable to
culturable cell counts in rubble and water samples
after 11 and 45 d of storage, respectively.

CTC

counts were an order of magnitude greater than
culturable counts in zeolitized rock, and were several
orders of magnitude greater in clay samples throughout
storage.
Direct cell counts were below the level of
detection (1.1 x 10^ cells/gww) in water samples
throughout the 45 d of storage.

Direct cell counts in

rubble rock, zeolitized rock and clay samples remained
relatively uniform throughout storage at approximately
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10= cells/gww.

Due to the autofluorescing nature of

the subsurface materials used here, and variability
associated with masking effects, total cell numbers
were interpreted with caution.
Diversity and evenness indices of microbial
distribution are presented in Figure 2 A and B,
respectively. The zeolitized rock sanple demonstrated
decreased diversity and evenness by day 45 as compared
to time zero analyses, but the decreases were not as
dramatic as compared to clay, water and rubble rock.
Significant decreases in diversity and evenness were
evident

by

day 11

in those

eveness

in

the water sample

samples.

Diversity and

significantly increased

from 11 to 45 days of storage, vdiile remaining
constant in the rubble and zeolitized samples
throughout this time. (A limited amount of clay sample
precluded evaluation at day 45.)
The number of colony morphotypes (Fig. 3)
decreased in the rubble rock and clay samples, while
remained more constant in the zeolitized rock and
water.

Itshould be noted, however, that although the

numbers of

colony

types did not demonstrate a dramatic

decrease zeolitized rock and water, the specific
bacterial types that were recovered throughout storage
were different as described below.
One of each unique colony morphotype was selected
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and purified from all replicate samples and at all
time points. Purified isolates were then compared, by
morphotype, to determine if specific colony types were
recovered at more than one time point. Previous
research demonstrated that isolates recovered from
subsurface material with the same colony morphotype
had similar cellular morphology, physiological traits,
and were related at the genus level or closer
(species, biotype, or strain) by fatty acid methyl
ester analysis [11] . Table 1 presents the percentage
of unique bacteria recovered at a single time point
from the sample types and indicates that large
community shifts were occurring.

In the water sample

new bacterial types were recovered throughout storage;
99 and 88 % of all bacteria recovered at 11 and 45 d
were found only at those two time points,
respectively.

In the clay and zeolitized rock

samples, changes in culturable community were not as
great, yet new bacterial types were still being
recovered after 45 d of storage. While few bacteria
recovered at 11 or 45 d from the rubble were unique to
either of those sample times alone, 92 % were found at
both 11 and 45 d, but were absent at earlier time
points.
The variabilty of microbial distribution changed
during storage (Table 2) . Generally, with increased
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storage, bacterial types were recovered with greater
frequency from one or more of the replicate samples.
The most dramatic changes were observed in the rubble
where over 90% of the bacteria at 11 and 45 d of
storage, were recovered from more than one replicate.
The water sample, gradually became more homogeneous
throughout storage, without the major shift observed
between 2 and 11 d that was observed in the other
samples. The heterogeneity observed between replicate
clay and zeolitized rock samples did not change as
dramatically throughout storage as the rubble sample.

Discussion
Changes occur in the abundance and composition of
microbial communities recovered from deep subsurface
rock samples during storage.

Significant increases in

culturable counts were observed at 11-45 d as compared
to time 0 in rubble rock, clay and water.

Diversity

and eveness data (Fig. 2A and 2B), and values in
Tables 1 and 2 indicated that the time frame in which
major changes occurred was between 2 and 11 d.
However, changes have been documented to occur as
quickly as 24 hr after storage and more quickly in
samples stored at higher temperatures [9, 15] .
Less dramatic community shifts were observed in
the zeolitized rock sample, vhich had the lowest
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moisture content ( 4.7 %).

In other experiments, the

addition of water (storage of a rock sample in slurry
form) resulted in more dramatic increase in abundance
and an accelerated decrease in diversity as compared
to unamended rock [unpublished data] . Water addition
to vadose zone subsurface samples has also been shown
to increase microbial activity [9] . Despite this
evidence, however, the effect of water content on the
magnitude of microbial community change is probably
related to other factors as well.
Factors

such as permeability, surface area of

particles, chemical/nutrient makeup, etc may all play
important roles in storage-related phenomena.

For

example, the rubble sample (9.4% moisture)
demonstrated more dramatic changes than the water and
clay (35.1% moisture) samples.

In this case,

permeability may have been more important than
moisture content because the clay and zeolitized rock
(the least transmissive materials in this study)
demonstrated less dramatic community shifts.

This was

especially evident vdien comparing the bacteria that
were common among replicates (Table 1).

Because these

materials were low in permeabilty, bacterial transport
as well as exchange of nutrients and/or oxygen may
have been limited.

When rock samples were stored in

intact pieces (5-10 g) less dramatic changes were
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observed than when the rock was homogenized [9] ,
potentially providing nutrients and moisture to
previously isolated bacteria.
In addition to the role of physical factors in
storage-related phenomena, the

bacteria themselves

may be equally important, i.e., whether the organisms
are actively metabolizing or dormant forms.
The recovery of new types only after storage, may be
due to outgrowth of specific bacteria, the awakening
of dormant bacterial populations, or both mechanisms.
Perhaps rare bacterial populations, previously below
the limit of detection, were recovered after
outgrowth.

However, if all the change in microbial

community composition were due to outgrowth of active
bacterial populations, respiring cell counts would be
expected to parallel culturable counts, which they did
not.

Further, although direct counts were near the

limit of detection, they did not appear to increase,
certainly not orders of magnitude as observed with
culturable cell counts.
The new bacterial types found at each time point
during the storage process may be dormant cells that
were resuscitated by some aspect of sample handling or
storage.

Peaks in respiring cell counts were observed

after 2 d of storage and were perhaps indicative of
bacterial resuscitation.

Researchers have shown that
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organisms may be resuscitated under specific
conditions, i.e., after exposure to a temperature flux
[19] , low nutrient media [4, 7] , soil extract media
[18] , or by unkown mechanisms in microcosms without
added carbon [6] . Any or all of these effects may
have contributed to the resuscitation of

bacterial

types, and would explain the increase in respiring
cells at 2 d of storage.

Other researchers have

shown that injured [4] and viable but nonculturable
bacteria [6, 19, 22] became culturable on a selective
medium only after resuscitation.

This may explain vhy

new bacterial types were culturable on our "selective
medium" (R2A) only after storage.

The subsequent

decline in the respiring cell numbers after 2 d
storage may have been due to the death of organisms
which

were

resuscitated during sample storage or

handling, but that lost their viability when specific
growth requirements were not met in the stored
material.
To recover microbiota representative of in situ
microbial communities, volcanic rock samples should be
analysed as soon as possible after procurement to
prevent community shifts.

This is especially

important if successive sampling efforts are to be
conducted to compare environments before and after
bioremediation treatments.

More research is needed to
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determine factors which might decrease microbial
change in stored samples, in the event that immediate
analysis is not feasible.

On the contrary, maximizing

community shifts may provide for the recovery of full
community potential.
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Figure Legends:
Figure 1.

Changes in culturable

(A) and respiring (B)

cell numbers throughout sairple storage in (t) rubble
rock,

{*■) clay,

(▼) zeolitized rock, and (1) fracture

water.

Figure 2.

Changes in diversity (A) and evenness (B)

throughout 45 days of sanple storage in (#) rubble rock,
(*) clay, (’) zeolitized rock, and (■) fracture water.

Figure 3.

Changes in the numbers of colony morphotypes

throughout
storage in (•) rubble rock,

(^) clay,

(▼) zeolitized

rock, and (■) fracture water.
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C3ÎAPTER 8
DOES STORAGE AT 4°C INDUCE RESUSCITATION
OF UNCDLTURABLE BACTERIA IN
SUBSURFACE ROCKS?

This chapter has been prepared to be submitted to FEMS
Microbial Ecology and is presented in the style of the
journal. The cortplete citation is:
Haldeman, D. L., P. S. Amy, D. Ringelberg, D. C.
White, and William C. Ghiorse. Does storage at
4°C induce resuscitation of unculturable bacteria
in subsurface rocks? FEMS Microb. Ecol. In
preparation.
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1. SUMMARY
An increase in the number of culturable organisms
and a decrease in diversity of recoverable microbiota
have been reported in deep subsurface materials that
are stored.

The magnitude of microbial community

shift in stored samples was more pronounced at 4
compared -20°C.

Phospholipid analyses and acridine

orange direct counts indicated that biomass did not
increase significantly throughout storage. Changes in
the types of fatty acid methyl esters that were
recovered throughout storage indicated that some of
the microbial community shift was due to outgrowth.
However, new bacterial types recovered only after
storage suggested that some of the increase in
culturable cell count was due to the resuscitation of
dormant microorganisms, possibly awakened by some
aspect of sampling, or sample handling and storage.

2. INTRODUCTION
Increases in recoverable microbiota have been
reported in samples from many environments during
storage.

Zobell first described the "bottle effect"

in water samples, attributing the increase in recovery
of culturable cells to nutrients concentrating on the
sides of sample containers vhich supported growth [1] .
Community change associated with storage has since

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2 2 1

been of concern to microbial ecologists, and standard
protocols for the handling of environmental samples
include maintaining samples at temperatures believed
to inhibit organism outgrowth without the disruption
of cellular membranes, commonly 4°C [2,3] . Increases
in the abundance of culturable organisms with storage
also have been reported in several subsurface
materials including aquifer samples stored at 9°C [4] ,
and paleosols [5] and volcanic rock [6-8] stored at
4°C.
Changes in the structure/composition of microbial
community during storage have also been a topic of
interest. The types of organisms that were cultured
from subsurface samples changed after one week of
storage at 4°C; some organism types were recovered
only before or only after storage [6,7] .

Shifts in

community structure have been reported in subsurface
materials of varied types; zeolitized volcanic rock,
water, and clay materials [8] . Succèssional changes
such as these are probably ubiquitous in natural
samples containing diverse microbiota, and along with
the increase in microbial abundance, demonstrate the
importance of analyzing environmental samples as soon
as possible after procurement.
Interestingly, total cell counts remained
relatively constant in subsurface samples that were
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stored [5-9] . This posed questions regarding the
source of the increased numbers of culturable
bacteria.

The increase may be explained in part by

the outgrowth of specific microbial types [6,8] with
concomitant lysis of other bacterial cells. However,
some of the bacterial community shift observed in
stored subsurface samples, specifically the recovery
of bacterial types culturable only after storage, is
likely due to the resuscitation of initially dormant
or viable but non-culturable (VBNC) cells [6] . Others
have suggested that VBNC bacteria are present in many
natural environments [10-13] and certain conditions
may aid the resuscitation of these dormant bacterial
cells or increase organism recovery.

Enrichment

methods for VBNC include the use of low nutrient media
[14] , the addition of specific metabolites [15], and
osmotic or temperature shocks [13,15]. Perturbations
that occur during sampling and sample handling may
include temperature fluctuations, the lysis or
detachment of cells, the breakdown of recalcitrant
materials, or the physical rearrangement of gasses,
water, nutrients, or ions. These factors may play
important roles in providing adequate growth or
resuscitation conditions for specific microbial
populations such that they become culturable only
after storage [6,8].
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The purpose of the work presented here was to
determine changes in the abundance and composition of
microbial communities in subsurface rock, inclusive of
non-culturable cells.

Ester-linked polar lipid fatty

acid analysis (PLFA) was used to demonstrate shifts in
microbial community structure.

Acridine orange direct

counts and thymidine incorporation into DNA were used
to determine bacterial numbers and growth.

Diversity

indices and fatty acid methyl ester analysis (FAME)
were used to indicate changes in specific bacterial
types that were culturable throughout storage.

A

second objective was to determine if storage of
samples at a lower temperature, -20°C , compared to
the more commonly employed 4°C, would decrease the
magnitude of the community shift.

3. MATERIALS AND METHODS

3.1

Sairpling.

Zeolitized rock was obtained from

the wall of tunnel U12n in Rainier Mesa at the Nevada
Test Site as previously described [17,18] . The depth
of the sample site was approximately 400 m below the
surface and approximately 2 km into the mesa.

Rock

was removed with flame-sterilized tools to aseptically
create a sampling face approximately 25 cm into the
tunnel wall.

Rock was chipped from the sampling face
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into sterile containers, placed in coolers on ice, and
transported to the laboratory vhere sanple analysis
was initiated in less than 6 h.
3.2 Sairple Analyses. All glassware and tools were
solvent rinsed {CHClarŒjOH, 1:2) . approximately 5 kg
of rock was ground and

homogenized. Portions of rock

were allocated for [^H] thymidine uptake experiments,
PLFA analyses and the recovery of culturable
microorganisms. At sampling time points (Days 0, 1, 3,
5, 7, 15, and 30) replicate containers stored at 4 and
-20°C were sacrificed for analyses.
3.3 Thynidme [ptake. Labeled thymiidine (125 nM
%-methyl -thyimidine, specific activity > 64 {iC±/xm
activity; Amersham Corporation, Arlington Heights,
Illinois) was added in a total of 100 ul of liquid
[19]

to 10 g portions of rock. Mixtures were stored at

4 and -20°C in centrifuge tubes.

At selected time

points, the reaction was stopped and extractions were
performed by the addition of NSE (25nM EOT, 0.3M NaOH
and 0.1% sodium dodecyl sulfate) according to method 2
of T h o m and Ventullo [20] . Background thymidine
incorporation was determined by extracting a portion
of rock that was autoc laved and lysed with NSE before
the addition of label.
3.4 Culturable Organisms.

Slurries of rock

(1:10 wt/vol) were made with artificial pore water

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

225
(APW)

[21] containing 0.1% sodium pyrophosphate

[17,18] . Slurries were shaken for approximately 1 hr
to remove bacteria from rock particles before plating
in triplicate on R2A agar (Difco)

[17,18]. After 2 wk

incubation at 24°C, culturable numbers and Shannon
diversity indices were determined as previously
described [17,18] . The five dominant organisms
recovered from each time point and both temperatures
of storage were purified before analysis by FAME
(Microbial ID, Inc., Newark, DE).
3.5 Direct Counts. Portions of slurries (9 ml,
prepared as described above) were fixed with 135 ul
formaldehyde and 1 ml of 1% Noble agar (Difco) with
vigorous agitation for direct counting.

Five fj.1

portions of the mixtures were evenly spread into 1 cm
diameter circles drawn on ashed glass slides. Acridine
orange was used to stain the smears, and slides were
counted with a laser scanning microscope with a CCD
video camera and color monitor, as described by
[Ghiorse et al. in preparation, 22] .
3.6 PLFA analysis. PLFA analysis was as described
in

Lehman, et al. [submitted to J. Microbiol.

Methods, 23], except a 2% formalin solution (30 ml per
75 g rock) was added to preserve samples before
extraction rather than preservation by freezing.

The

lipids were extracted in chloroform, methanol, and
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phosphate buffer as developed by Bligh and Dyer [24]
and modified by White, et al. [25] .

Polar lipids were

separated on a silicic acid column and subjected to
mild alkaline methanolysis [25] . Methyl esters were
separated, quantified, and identified by capillary gas
chromatography/mass spectrometry (GC/MS) .

PLFA

measurement has been successfully correlated with
other measures of biomass including total counts,
adenosine triphosphate and muratnic acid content in
deep subsurface environments [26] .

4. RESULTS
4.1

Abundance.

Numbers of culturable organisms

increased several orders of magnitude

in samples

stored at 4°C, from 5.18 x 10“^ to 3.91 x 10® CFU gww'^,
by 30 d, but remained relatively constant in -20°C
samples at approximately 10^ CFU

gww'^ (Fig. 1.) .

PLFA biomass determinations, inclusive of culturable
and non-culturable cells, were above procedural blanks
in all instances, and demonstrated an increasing trend
in 4°C samples by 30 d of storage (Fig. 2A) . PLFA
concentrations in samples stored at -20°C were
variable throughout storage, with a large value at day
1 (Fig. 2B). Total cell numbers, as determined by
acridine orange direct counts, remained constant
throughout storage at 7 x 10® cells gww‘- for both
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températures.

Measurement of the incorporation of

[®H] thymiidine into DMA. did not demonstrate bacterial
growth; values at all time points and both
temperatures were not significantly above background
controls (Data not shown).
4.2

Ccaposition.

PLFA analysis was used to

demonstrate changes in the relative amounts (mole
percentages) of specific fatty acids throughout sample
storage (Table 1) .

Recovery of PLFA types from the -

20°C stored samples (Fig. 3A) varied over the time
course of storage, vÆiile those recovered from the 4°C
samples (Fig. 3B) remained constant until 30 d, where
an increasing trend was observed in the mole percent
of terminally branched saturated fatty acids
(TerBrSat) and monoenoic fatty acids (Mono) .
Increases in terminally branched saturated fatty acids
(biomarkers indicative of gram positive microbiota)
were greater in the anteiso forms vàiich are
specifically indicative of high G+C gram positive
organisms.

Increases in the monenoic fatty acids were

observed, specifically 16:lw7c and 18:lw7c, and are
indicative of gram negative microorganisms.

It should

be noted that the day 1 sample stored at -20°C was
responsible for much of the variability in the -20°C
samples, and that this sample also contained the
largest amount of total fatty acids (Figure 2).
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A principle components plot (Ensight software
package, Infometrix, Seattle, Washington) based on
mole percent composition of fatty acids (Table 1;
exclusive of 16:0 and 18:0) is presented in Figure 4A.
The 16:0 and 18:0 normal saturates were left out of
analysis to elevate a biomass effect. These fatty
acids are found in abundance in most cells, and their
inclusion in the analysis would have weighted the
clusters primarily by biomass as opposed to fatty acid
composition.

Most samples clustered tightly together.

However, three samples from 30 d storage and one -20°C
sample stored for 1 d fell outside the cluster.

A

principle components plot of the loadings (Fig. 4B)
demonstrated that the al5:0 and the 18 :lw7c were
important in differentiating the 30d storage samples
from others.

The 16:w7c and 10mel6:0 mid-chain

branched saturate were important in the second factor
which differentiated the -20°C Id sample from the
others.
4.3

Specific Isolates.

recoverable microbiota

The diversity of

was greater in the -20°C

sample as compared to the 4°C samples after storage
(Figure 5) . The diversity of the 4°C samples
continued to decrease up to 15 d of storage, but
increased by 30d.

The samples stored at -20°C

demonstrated a gradual increase in diversity.
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Of the 105 dominant isolates that were selected
for FAME analysis, 53 were unable to be analyzed by
MIDI because they failed to produce sufficient biomass
under the standard growth conditions specified by the
manufacturer (growth on trypticase soy agar, 24 h at
28°C) . Sixty percent (36/60) of the isolates
recovered from -20°C samples and 42% (25/60) of the
4°C isolates were unable to be tested.

Of the

isolates that were analyzed, a few were identified
with the MIDI data base (aerobe TSBA version 3.7) to a
level of >, 0.300; a level that has been considered
acceptable for the identification of environmental
organisms [18] .

Of the isolates that were matched to

the MIDI database, one isolate recovered from a -20°C
sample stored for 30 d was identified as Arthrobacter
globiformis.

Isolates recovered from 4°C samples were

identified as Micrococcus luteus (four isolates, one
each from 7 and 15 d, and two isolates at 30 dj,
Arthrobacter auerescens (three isolates, one each at
3, 7, and 30 d), and Staphylococcus haeæolyticus (one
isolate at 7 d) . The similarity coefficient for the
latter isolate was not stringent enough for clinical
identification of this species, although the isolate
is probably adequately identified to the genus/family
level.
Principle components analyses based on FAME
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profiles of specific isolates are depicted in Figure
6.

Isolates recovered from samples stored at 4°C

clustered into three broad groups, one containing
isolates recovered only at or before 3d of storage
(two isolates), one containing isolates predominately
recovered at or after 7 d of storage (21 isolates),
and one containing isolates recovered throughout
storage (22 isolates)

(Fig. 6A).

Isolates recovered

from the samples stored at -20°C clustered into three
groups, all of which contained isolates recovered
throughout storage (Fig. 6B) .
A principle components plot based on FAME
profiles of specific isolates recovered from both the
4 and -20°C samples is presented in Figure 7.

While

three groups of organisms contained both 4 and -20°C
isolates, there was also a cluster vÆiich contained
predominantly 4°C isolates.

One of the groups

containing isolates from both storage temperatures
clustered with Acinetobacter and Bacillus, one cluster
contained 5 isolates related to Pseudcmonas, and the
largest group of isolates (33 strains) were not
related to bacterial genera within the MIDI data base.
In an Arthrobacter group, 21 out of the 25 isolates
were recovered from the 4°C samples.
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5. DISCUSSION
5.1
abundance

Abundance.

Culturable organisms increased in

from 10’ cells gww'^ at time zero to 10®

cells gww'^ by day 30 in samples that were stored at
4°C (Figure 1).

Similar increases have been reported

in samples from various subsurface materials [4-8];
changes occurred in less than 24 h in some samples
[4,7] and continued beyond 45 d in others [5] .
TerBrSat and Mono fatty acids increased by 30 d in the
4°C samples and provided evidence that bacterial
outgrowth occurred (Figure 3) . However, acridine
orange direct counts remained constant at
approximately 7 x 10® cells gww"^ throughout storage
for both temperature treatments. Direct counts did not
parallel increased culturable counts in the 4° C
samples, and this may imply that if organism outgrowth
occurred that it was at the expense of other cells,
i.e., some microbial types may have lysed due to
aspects of sampling or sample handling and provided
nutrients for the growth of "weed" organisms.
Although PLFA biomass measurements demonstrated
an increasing trend in the 4°C samples, they were near
the limit of detection, as were acridine orange direct
counts ; significant increases in cell biomass or
numbers were not demonstrated by 30 d of storage.
Additionally, low numbers of cells may have prevented
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the detection of bacterial outgrowth by thymidine
incorporation into nucleic acids.

Positive controls

for thymidine incorporation contained 10”^ actively
growing cells gww'^ and resulted in values barely
above background (data not shown) .
Lower conversion factors may be necessary to
compare PLFA

recovery to actual cell numbers in deep

subsurface materials.

A conversion factor of 2.11 x

10“* cells pmol'^ PLFA was calculated from data
published by Balkwill, et al. [26] to convert
picomoles of PLFA recovered from deep subsurface
material to cell numbers.

This value was lower than

previous ones calculated from surface microbiota or
pure cultures.

Utilizing this conversion factor,

numbers of total cells in this study remained
relatively constant at approximately 1.75 x 10® to
1.62

X

10^ cells gww'^ of material.

It is of interest

to note, however, that the nuiriber of total cells
determined by acridine orange direct counting was
higher in these samples, at approximately 1 x 10®
cells gww"^ of rock.

The incongruence may be

attributed to the different bacterial communities that
were present in the environments sampled. Although
Balkwill et al. [26] suggested that the bacteria
examined in their study of subsurface aquifer material
were starved, sedimentary material is more
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transmissive and would experience more nutrient flux
than zeolitized ashfall tuff. The bacteria entrained
within zeolitized rock of Rainier Mesa are believed to
have been isolated for extensive periods of time and
to have experienced extreme nutrient limitation due to
negligible water movement [21,27] . Therefore, the verysmall cells observed in this study may be older,
dormant and/or existing as ultramicrocells. This may
explain the lower PLFA per cell ratio observed here,
and indicates the importance of determining conversion
factors appropriate for specific environments.
5.2

Composition.

The composition of mdcrobial

communities in this study shifted throughout storage,
and has been pre-viously reported [6-8] .

In addition

to changes in the specific types of microbiota that
were culturable on R2A agar (Figure 6A and B) , the
types and amount of PLFA recovered indicate community
structure change. Signature fatty acids for high G+C
gram positive and gram negative organisms increased by
30 d of storage in the 4°C samples, as evidenced byincreases in TerBrSat and Mono FAME, respectively
(Figure 3).

Principle component analyses (Figure 4)

further demonstrated that a major community shift had
occurred by 30 days of sample storage. Most samples
clustered tightly together except for those stored for
30 d.
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The types of isolates that were recovered as
dominant bacteria after sartple storage paralleled the
increases observed in some fatty acids ; i.e., high G+C
gram positive organisms {Arthrdbacter) were the
predominant culturable organism after 30 d of saitple
storage and the concomitant increase in the TerBrSat
fatty acids is indicative of this bacterial group.

By

30 d of storage at 4°C, the culturable cell count
approached the direct cell count/PLFA biomass
determination, and therefore, suggests that nearly all
cells were culturable at this time.
Diversity indices also demonstrated community
shift, but if used alone, may not necessarily
determine the full extent of change.

It is important

to note that diversity indices only describe the
distribution of recoverable microbiota, and that the
distribution of conpletely different bacterial
communities may have the same numerical value.
Principle conponent analyses of the FAME profiles of
dominant isolates (Figure 6A and B) demonstrated that
different types of bacteria were recovered throughout
storage while diversity indices at time zero and 30 d
were similar (Fig 5).
5.3

Resuscitation.

Resuscitation of VBNC

bacteria may e^glain the recovery of new bacterial
types throughout storage. Over 50% of all bacterial
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types isolated throughout storage have been reported
to be recovered only after storage [7,8] and the
phenomenon occurred in this study as well (data not
shown) .

Outgrowth alone cannot explain the presence

of these organisms after storage, and therefore, they
must have been resuscitated [6,8] . Others have
suggested that tenperature, nutrient level and osmotic
flux were responsible for increased culturability of
VNBC cells [13-16,27] . In this study, an entire
cluster of organisms related to Arthrobacter was
cultured only after storage at 4°C (Figure 6A) .
Therefore, temperature is likely to have played an
inportant role in the resuscitation of these
organisms.

Further, the numbers of new microbial

types (A organisms in Figure 6) were greater in the
4°C as corrpared to the -20°C samples and suggests that
the more moderate temperature may support the recovery
of increased nutribers of VBNC. Perhaps increased water
availability in the 4°C samples (liquid as compared to
frozen in the -20°C samples) aided in the distribution
of nutrients, ions, etc. that may have also been
crucial in the resuscitation of dormant bacteria.
5.4

Tenperatxire of storage. The abundance of

culturable microorganism:® increased in volcanic rock
that was stored at 4°C, but numbers did not appear to
increase in samples stored at -20°C.

Interestingly,
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the numbers of culturable microorganisms did not
appear to decrease with storage at the colder
temperature, either.

Viability loss at -20°C may have

been expected as freezing temperatures can disrupt
cellular membranes. Arthrobacter spp. or bacteria
related to Art±irobacter were commonly recovered from
both samples after storage, and these organisms have
been recovered from cold antarctic environments [28] .
Previous research has shown that a more rapid
change in microbial communities occurs in samples that
were stored at warmer temperatures [7] , vhile no
increase in culturable count was observed throughout
30 d of storage at -20°C.

Although it is tempting to

suggest that materials for microbiological analysis be
stored at -20°C, it should be noted that the
communities recovered from the different temperature
treatments were not identical (Figure 7).
The variability of PLFA biomass, fatty acid
profiles, and the recovery of specific isolates from
frozen samples, especially at 1 d of storage, cannot
be explained.

If it were due solely to the natural

heterogeneity of the rock, similar effects would
likely have been seen in the refrigerated samples as
well.

All rock was homogenized before being separated

into the two temperature treatments.

After prolonged

storage, the refrigerated samples might have been
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expected to exhibit less variability because water was
more diffusible in the liquid state and would have
allowed better distribution of bacteria and nutrients.
However, this still would not explain the variability
observed as early as day 1.

The day 1 sample

contained a suite of otherwise undetected fatty acids
which can only be explained by natural heterogeneity
or contamination (Table 1) .
5.5

Conclusions.

with sample storage.

Microbial communities change

Storage at colder temperatures

appears to diminish the magnitude of change.

However,

the appearance of new bacterial types and the loss of
others after storage pose questions concerning the
complete recovery of the microbial communities at any
one time and under any one set of conditions [6] .
While microbial ecologists recognize that not all
microbial diversity can be recovered with the use of a
single growth regime (i.e., a single growth medium,
oxygen concentration, temperature, etc.) for the
isolation of all bacterial types in an environment
[29-32] , perhaps sampling at only one time also limits
microbial recovery. Sampling and sample handling may
provide stimuli required for the resuscitation of some
bacterial types.
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FIGURE LEGENDS
Figure 1. Culturable bacterial counts throughout 30
days of storage at 4°C (•) and -20°C (!) .

Figure 2. Biomass throughout 30 days of storage at 4°C
(A) and

-20°C (B) based on picoraoles of PLFA per

gram wet weight of rock.

Figure 3. Changes in specific fatty acids throughout
30 days of storage at 4°C (A) and -20°C (B) based on
mole percent recovery.

Figure 4. Principal components plots generated from
data in Table 1 demonstrating the relatedness of
samples (Panel A) and importance of the specific fatty
acids in differentiating samples (Panel B) throughout
30 days of storage at 4°C and -20°C.

Sample

designations R1 and R3 (4°C) and FI and F3 (-20°C) are
followed by the letter D and the day of storage.

Time

zero samples are represented by #1T0 and #3T0.

Figure 5. Changes in diversity throughout 30 days of
storage at 4°C (•) and -20°C (■) .
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Figure 6. Principal components plots generated from
FAME profiles of the five dominant isolates recovered
from all time points and replicates at 4°C (Panel A)
and -20°C (Panel B) . The numbers represent the day of
recovery of individual isolates. Labelled genera are
included as reference points. Circled groups contain
isolates recovered predominately before (B), after (A)
or throughout (T) storage.

Figure 7. Principal components plot plots generated
from FAME profiles of the five dominant isolates
recovered from all time points and replicates at 4°C
(R) and -20°C (F) . Circled groups contain isolates
recovered predominately from 4°C samples (R) or both
temperatures (R & F) .
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Table 1. Proportions of PLFA detected in sediments stored at 4 and -20°C over a '30 d
period*.

PLFA
Normal Saturates
14:0
15:0
16:0
18:0
Total
Terminally Branched
Saturates
il5:0
al5:0
116:0
al7:0
Total

#1T0

#3T0

FlDl

F1D3

F3D3

F1D15

P1D30

F3D30

0.00'’
37.13
58.65
95.78

0.00
34.34
65.66
100.0

1.52
2.32
38.19
38.89
80.93

18.61
81.38
100.0

0.00
48.91
48.74
97.65

0.00
24.67
75.33
100.0

36.15
58.51
94.66

26.96
58.15
85.10

0.00

0.00

5.33

0.00

0.00

5.33

0.10
0.00
0.00
2.45
2.55

4.22

4.22

Mid-Chain Branched
Saturates
10mel6:0
Monoenoics
16 :lw7c
18 :lw7c
cyl7:0
Total
Branched Monoenoics
il7:lw7c

4.50

0.00

0.00

7.68
2.88

0.00

2.35
0.00

0.00

0.00

0.00

0.00

10.56

0.00

0.00

0.00

0.00

1.47

14.89
0.00
14.89
to

CD
■D

O
Q .
C

8

Q .

■D

CD
C/)
C/)

CD

Total Mole %

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

pmol PLPA/gwvr

0.215

0.180

.0766

0.148

0.252

0.310

0.165

0.284

Blk-2

8
Table 1. Continued
Sairples
PLFA
3
3"
CD
CD
■D

O
Q .
C

a
o

3
■D

O
CD
Q .

■CDD
C/)
C/)

Normal Saturates
14:0
15:0
16:0
18:0
Total
Terminally Branched
Saturates
il5:0
al5:0
il6 : 0
al7 :0
Total

RlDl

R1D3

R3D3

R1D15

R1D30

R3D30

Blk-1

21.41
78.58

20.63
79.37

21.34
78.65

100.0

100.0

100.0

31.15
68.85
99.99

19.46
41.41
60.87

19.11
29.83
48.93

100.0
100.0

0.00
0.00

12.44
4.78

0.00

0.00
0.00

0.00

17.23

2.33
12.74
0.00

4.18
19.26

Mid-Chain Branched
Saturates
1 0 mel 6 :0
t)
l/»
O)

CD

■a
o
Q.
c

g
Q.
■CDD
(/)

(/)

"8O

Monoenoics
16 :lw7c
18 ;lw7c
cyl7:0
Total

0.00

0.00

0.00

2.52
13.58

20.67

0.00

0.00

0.00

16.08

27.36

5.82

4.45

0.00

Branched Honoenolcs
il7:lw7c

3
.
3
"
CD
CD

■D
O
Q.
C

a
O
3
"O

6.68

Total Mole %

100.0

100.0

100.0

100.6

100.0

100.0

100.0

pmol PLPA/gwwF

0.162

0.083

0.144

0.183

0.286

0.310

00.0

* #1T0, #3T0 = time zero analyses; sample designations that begin with R and F,
= 4, and -20°C of storage; the letter "D" followed by a number = the time
period of storage; Blk-1 and Blk-2 are procedural blanks.
^ a value of 0.00 indicates that trace amounts of the PLFA were detected
° pmol PLFA/gww = pmol of ester-linked polar lipid fatty acids per gram of wet
weight extracted sample
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CHAPTER 9

GENERAL DISCUSSION

The chapters and appendices presented herein
include nearly all

microbiological research that has

been conducted within the subsurface of Rainier Mesa.
An exception is research describing vadose zone
microbiology in relation to water poteitial.
Conducted by Kieft et al., (1993), it includes data
from samples obtained within Ü12b and U12g tunnels.
All chapters and appendices have been published, are
in press, have been submitted for publication, or are
in preparation for submission to peer reviewed
journals.

Topics addressed throughout these chapters

include sampling, storage-related phenomena, microbial
diversity, and heterogeneity.

Sampling
Much of the prior research concerning
subsurface microbiota from aquifers and terrestrial
environments relied on sampling well water (Ghiorse
and Wilson, 1988; Hirsch, 1992; Marxsen, 1988;
260
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Stetzenbach., et al., 1986), or the retrieval of cored
material from drilling operations (Balkwill and
Ghiorse, 1985; Colwell, 1989; Fliermans, 1989; Madsen
and Bollag, 1989; Phelps, et al., 1989; Severson, et
al., 1991) .

Even though standard practices for

sampling well water followed and involved continuous
pumping to evacuate standing water in the well, there
were still concerns that the recovered bacteria were
not representative of in situ communities.

Bacteria

recovered may have included surface organisms that
colonized during or subsequent to drilling, and may
have excluded bacterial populations that were attached
to surfaces within the sediments

(Ghiorse and Wilson,

1988; Hirsch, 1992; White, et al., 1983).

To allow

better recovery of attached microbial populations,
drilling procedures were developed to obtain
representative sediment material from shallow aquifers
for microbiological analyses (Balkwill and Ghiorse,
1985) .
Newly developed drilling technologies in deep
subsurface environments employed the use of quality
assurance protocols to quantify contamination
potential.

These have included the use of

fluorescently-labeled microspheres as tracers of
bacterial-sized particles, the comparison of bacteria
recovered from drilling fluid to those recovered from
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samples, and the application of aqueous or gaseous
chemical tracers such as potassium or lithium bromide
and/or perfluorocarbons (Colwell, et al., 1992;
Phelps, et al., 1989).

Sampling protocols also

included the use of steam-cleaned drilling equipment
and the use of inert gas for lubrication.

Further,

cores were pared before microbiological analysis
(Colwell, et al., 1992; Phelps, et al., 1989).
Although technologies are now available that allow
sampling of representative material from the deep
subsurface,

drilling and coring operations are

technically complex, time consuming, and costly
especially if adequate quality assurance protocols are
followed.
The extensive tunnel systems (26 km) within
Rainier Mesa at depths to 450 m provided a unique
opportunity to study the microbial ecology of the deep
subsurface without the need for drilling.

Sampling

for microbiology has been performed in another tunnel
system, however, the investigators did not attempt to
look at endolithic bacterial communities, but instead
focused on microbiota recovered from scrapings of the
tunnel walls (Christofi, et al., 1984). To insure that
sampling provided material representative of pristine
rock for microbiological analyses, we developed
several quality assurance measures.

Swab cultures
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were used to determine if microbial types recovered
from exposed tunnel wall surfaces were similar to
those found on aseptically created sampling faces.
Subsequent work has also included analysis of exposed
surface rock to quantitatively determine differences
between microbiota recovered from exposed and sampled
rock faces (Unpublished data) . More abundant
bacterial growth was observed on samples of exposed
surfaces compared to sampled surfaces.

The microbiota

of sampled faces were more representative of deep rock
samples with respect to bacterial abundance and the
types of microbiota recovered.

Although, fungal

growth was frequently observed on exposed-surface swab
plates, it was generally absent on fresh-surface swab
plates.

Because fungi were rare in samples, they were

used as a biomarker to indicate vÈiether microbial
contaminât ion occurred into the tunnel walls.
Although fungi are larger than most bacteria, fungal
hyphae have been shown to exhibit better movement than
bacteria through material of low matric potential
because they are able to bridge water gaps (Wilson and
Griffin, 1975) . Additionally, the matric potentials
of the majority of rock types sampled were greater
than -10 bars, a level that has been shown to inhibit
bacterial movement through soils (Wong and Griffin,
1976).

Differences between bacteria recovered from
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exposed surfaces and fresh faces (as determined by
morphological and physiological profiles of one of
each distinct recoverable bacterial type) also
indicated that uncontaminated samples were obtained
and that surface bacteria did not permeate the rock.
Plates left open during sampling (fall-out plates)
were used to detect microbial contamination that may
have been introduced with dust particles.

Bacteria

recovered on fall-out plates were in low abundance,
but were simiilar in appearance to those recovered from
samples.

This was not surprising because dust created

during sampling most likely contained endolithic
bacteria.
The Alpine miner was a valuable tool vdiich aided
in the recovery of representative samples.
removed cubic meters of rock in minutes,

The miner
which

allowed sampling deep into rock faces without concern
for contamination by drilling fluids or the production
of excessive heat, \diich others have shown may
decrease microbial recovery (Weirich and Schweisfurth,
1984).

Zeolitized rock (the type of rock most often

sampled), probably limited the transport of
contaminants with water into tunnel walls, as water
transport is negligible (10'^° m/s hydraulic
conductivity) except in fractured areas (Russell, et
al., 1988).

Furthermore, isotopic measurements of
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pore water demonstrated that evaporation out of the 21
mf rock section had not occurred since the tunnel had
been excavated.

All quality assurance measures

indicated that there was limited impact of
contamination into or out of the tunnel walls.
For some materials, especially unconsolidated
sediments, limited amounts of uncompromised material
have been recovered in deep subsurface drilling
operations (Colwell, et al., 1992; Phelps, et al.,
1989) .

The recovery of large volumes of material

from the tunnels was not problematic and, thus
permitted extensive geological/hydrogeological
analysis of rock material that was collected as close
as possible to the microbiological samples.

Samples

could also be taken in a 3-dimensional sampling scheme
such as the one used in the
21 mP rock section.

Previous work describing lateral

heterogeneity relied on samples taken within the same
geological formation, but within different boreholes
that were distant from each other (Balkwill, et al.,
1989; Colwell, 1989) .

Sampling outcrops of Rainier

Mesa proved to be a viable method of obtaining samples
for microbiological analysis on a vertical scale and
when sampling more than one geological formation was
desired (over a larger vertical range) .

Because rock

strata within Rainier Mesa are nearly horizontal
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(Russell, et al., 1988), an elevational gradient also
served as a chronosequence of depositional history.
Others have reported the recovery of representative
material for microbiological analysis by hand sampling
from outcrops (Brockman, et al., 1992), or drilling
horizontally into surface sandstone

using sterile

water as a cooling lubricant (Weirich and
Schweisfurth, 1984).

Storage-related phenomena
Another major advantage of sampling at the NTS
was the proximity of the laboratory to the field site.
Samples could be transported to the laboratory within
hours after procurement and questions regarding
storage-related phenomena could be addressed.
An understanding of microbial change in stored
samples is of paramount importance to subsurface
researchers and those interested in bioremediation for
several reasons.

To adequately determine

relationships between microbes and their environments
or the impact of bioremediation efforts (whether
oxygen, nutrient, or organism additions), in situ
microbial communities need to be analyzed.

Because

microbial communities change during storage, data
obtained from environmental samples may not reflect in
situ bacterial communities if saraoles are stored
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before analysis.

Perhaps equally important is the

idea that microbial activity can be stimulated by
perturbât ions (Brockman, et al, 1992; Kieft, et al.,
1993; Roviera and Greacen, 1957) . This concept may be
of great utility to bioremediation efforts that intend
to activate in situ subsurface communities.
When samples must be stored before
microbiological analysis can be initiated, storage at
a cool temperature is a standard procedure in
ecological studies (Atlas and Bartha, 1987,
1982) . A temperature

Wollum,

of 4°C has commonly been

employed to inhibit the growth of organisms, while
colder temperatures have been avoided to prevent
membrane disruption associated with freezing.

This

research demonstrates that during sample storage
microbial diversity not only decreased in many types
of samples stored at 4°C, but that the variability
within samples also decreased.

The initiation of

microbial change was as soon as 24 hours after
sampling and change continued in the community
throughout 45 d.

Others have noted changes during

storage for several months, but short-term changes
were not reported (Brockman, et all, 1992).
The temperature of sample storage also affects
the magnitude of microbial change.

For samples stored

at 24°C, more dramatic increases in abundance and
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community shifts were observed during shorter time
periods.

Culturable counts remained constant in

samples stored at -20 C,

indicating this tenperature

inhibited increases in microbial abundances.

However,

varying types of bacteria were recovered throughout
storage at -20 °C

and may indicate that the community

underwent structural shifts.
The magnitude of microbial change appears to be
dependent on the type of material sampled. The largest
increase in culturable count has been observed in
water samples, but a direct relationship between the
magnitude of change and moisture content has not been
clearly demonstrated.

Brockman, et. al, (1992)

demonstrated that paleosol samples with a higher
moisture content exhibited a greater change, and when
comparing volcanic rock samples from NTS a similar
trend was observed among samples of a similar rock
type.

However, a clay sample with a 35.1 % moisture

content exhibited less change than rock samples
containing 4-10 % moisture. Therefore, moisture was
not the only factor contributing to the magnitude of
change.

The addition of moisture (sterile APW to

homogenized rock) also led to increased abundance and
decreased diversity in a shorter time than with
unamended samples. Rifampicin (diluted in APW and
added in a 1:10 rock: liquid slurry) was added to
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inhibit the growth of bacteria in stored samples ; and
in comparison to the sample amended with APW alone,
tnicrobial change was reduced during storage, though
diminished recovery was obtained.
Other physical properties of samples are no doubt
important in storage-related phenomena as well as
moisture content: nutrient concentrations,
permeability, levels of physical disruption, etc.
Samples stored in 5-10 g intact pieces demonstrated
less increase in abundance during storage compared to
ground samples.

(However, it is important to note

that the shift in the types of bacteria recovered was
just as great in the intact sample as compared to the
replicate sample that was homogenized. )

This may be

because concentrations of nutrients or moisture are
not limiting in some subsurface environments, but
rather bioavailability is (Kieft, et al, 1993).
Perturbations created during sampling may serve to
redistribute moisture, nutrients and bacteria, thus
providing substrates for enhanced microbial activity.
The increase in abundance observed after storage may
in part be due to the proliferation of microbes that
were physically located in microniches, especially
those in non-transmissive environments like zeolitized
tuffs (see below) vdiere nutrient flux is believed to
be tminiimal.
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Microbial Diversity
Anaerobic (Jones, et al. 1989; Madsen and
Bollag, 1989), tnicroaerophilic (Fredrickson, et al,
1989), phototrophic (Eleuterio, 1991), and
lithotrophic (Fredrickson, et al., 1989)

bacteria

have been recovered from subsurface environments as
have fungi, protozoa, algae (Sinclair and Ghiorse, et
al., 1989) and vi ms es (Bradford and Gerba, 1991) .
However, heterotrophic bacteria have been recovered
most often and in greater abundance.

Heterotrophs

were the only bacterial types recovered within Rainier
Mesa in the work presented here.

Enrichment cultures

were used in attempts to recover phototrophic, HjSproducing, sulfur-oxidizing, iron-oxidizing, and
nitrifying bacteria, but the numbers of these
bacterial types were below the level of detection
under the culture conditions used.
Most of the heterotrophic bacteria isolated from
the deep subsurface of Rainier Mesa have not been
identified by any identification system.

This is not

highly surprising as the data bases used, were
developed for the identification of bacteria of
clinical importance.

We have found that genetic

identification (partial sequencing of 16s rRNA gene
and comparison of sequences to known data bases) is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

271
the most definitive means of identifying bacteria to
the family level.

However, use of the MIDI system

(Microbial Identification System, Co.) has proven to
be a more time/cost efficient method of determining
the identity of strains, and determining their
relatedness.
The bacterial genera recovered from Rainier Mesa
fell into several broad groups based on fatty acid
methyl ester (FAME) profiles vhich clustered at
Euclidean distances <45.

These include

Methylohacterium, Microccoccus, Art±robacter and mixed
gram positives. Bacillus/Xanthanonas, Nocariodes,
unmatched (2 groups), Acinetobacter/Gordona, and
Pseudcmoaas/ Hydrogenophaga/Acidovorax clusters.

The

most numerically abundant cluster was the Arthrdbacter
and mixed gram positive bacterial group which
contained 33 % of all isolate types.

The 16s rRNA

genes of several isolates from the unmatched groups
have been partially sequenced by Robert Reeves at
Florida State University.

Comparison of the sequences

to current data bases indicated that these bacteria
were related to known bacterial genera, including
Artiirobacter, Terrabacter, Rhodobacter, l^cobacteriuin,
Bacillus, and Sphingananas (Robert Reeves, personal
communication) . However, it is still unclear why the
FAME profiles of these bacterial types did not cluster
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with known organisms.

Perhaps more extensive

sequencing will be required to see if these organisms
are very different although related to common species.
A more detailed knowledge of their physiological and
FAME profiles may also

shed light onto their

classification.
The MIDI growth regime required incubation of
cultures on tripticase soy agar (TSA) for 24 h as a
standard procedure because

bacteria are known to

change the composition of membrane lipids based on
their growth stage/dormancy stage, temperature and
nutritional conditions (Malmcrona-Friberg, et al.,
1986, Oliver and Stringer, 1984) . While some of the
bacterial types recovered on the low nutrient media
were cultured on nutrient-rich media (TSA) after
initial isolation, some were not and these may
represent truly oligotrophic organisms (Poindexter,
1981) . Unfortunately, classification of these
organisms will be a formidable task unless new MIDI
libraries are created that use low-nutrient media in
standardized growth regimes, or unless 16s rDNA
sequencing is employed.

Microbial Recovery
Different media and incubation temperatures were
used in initial experiments to enhance the recovery of
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microbial diversity.

These included the MPN

enrichments described above, malt extract agar, starch
casein agar, starch, casein agar containing
rifampicin, 0.1% R2A; and incubations were performed
at ambient rock temperature (16-18°C) , 24°C, or
elevated temperature treatments (60°C for 1 hr, or
80°C for 3 min)

to select for the recovery of spore-

forming organisms.

Bacterial incubation on R2A agar

at 24°C provided the best recovery (highest abundances
and greatest diversity), and was subsequently used for
all experiments.
R2A is a complex medium with low nutrient
concentrations and has been used for improved recovery
of environmental organisms (Reasoner and Geldrich,
1985) .

Researchers have shown that low nutrient

media as compared to media with high nutrient
concentrations provide for the enhanced recovery of
environmental organisms, particularly those from
oligotrophic environments (Hattori, 1980; Olsen and
Bakken, 1987; Poindexter, 1981).

Other subsurface

researchers in the Department of Energy Subsurface
Science Program have used a different complex, low
nutrient medium (1% PTYG), while R2A agar has also
been used for the study of saturated subsurface
environments (Stetzenbach, 1986) .
Of the bacterial diversity that was recovered on
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R2A agar, representative colony types were selected
for further characterization.

This approach was

necessary to generate a manageable collection of
strains, and has been used by other subsurface
researchers (Balkwill, et al., 1989; Fredrickson, et
al., 1991). Although

selecting a representative

isolate by colony morphotype was a useful technique
for selecting organisms of the same microscopic
morphology, physiological capabilities, and at the
genus level of relatedness or closer (as determined by
MIDI), undoubtably, some diversity was lost.
et al.,

Jimenez,

(1990) have shown that genetic diversity

within physiologically similar bactria can be
extensive.
It is certain that complete microbial communities
were not recovered by the use of a single enrichment
or plating method.

Total numbers of bacteria and

biomass estimates based on the extraction of
phospholipids indicated that only a fraction of the
microbial community was recovered with our standard
culture conditions (R2A agar and incubation at 24°C) .
Some of the microbial biomass that was not
recovered on R2A may have been dead, or dormant cell
types.

In an environment with little or no nutrient

flux, such as the zeolitized tuffs in the subsurface
of Rainier Mesa, it would not be surprising to find
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large populations of dead, moribund, or dormant cells.
Many lines of evidence presented herein indicate that
microorganisms within zeolitized rock beds were
isolated in nature and included the fact that the
impermeability of zeolitized tuffs would limit
bacterial transport and nutrient flux.

Age dating of

pore water indicates that is thousands of years old
and estimated rates for surface water to reach
zeolitized tuffs at 400 m depth by matric flow is over
250,000 years.

Further, starvation-survival

characteristics of endolithic isolates, and
differences in the types of microorganisms recovered
from water and various rock formations indicated that
endolithic organisms were physically isolated within
zeolitized rock.

If these environments were static

and ancient, as evidence suggests, it would not be
surprising to find dead and/or dormant bacterial cells
there.
However, the differences observed in total
counts /biomass and culturable counts may be in part
due to the presence of VBNC cells.

VBNC bacteria may

be subdivided into cells that are not culturable under
the current growth regime, or cells that
injured or dormant

may be

(Rozak and Colwell, 1987) .

Some

cell may have been dormant bacterial populations that
were awakened due to some aspect of sampling or sample
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handling.

Reports of vegetative dormant bacterial

populations or VBNC bacterial cells existing in
natural environments have increased and include
bacteria from soil and aquatic environments (Byrd, et
al., 1991; Herds, 1987; Kapreylants and Kell, 1993).
Factors that have been demonstrated to awaken dormant
cell populations or resuscitate injured cells include
the use of

non-selective media (Bissonette, et al.,

1975; Caldwell, et al., 1989), metabolite additions
such as pyruvate (Rozak and Colwell, 1987), and
temperature (Nilsson, et al., 1991) or osmotic shifts
(Munro, et al., 1989) . Changes in all of these
parameters probably occur in rock samples due to the
rearrangement of water, nutrients or bacteria, during
perturbation and storage of samples (Rovira and
Greacan, 1957) .

Evidence from this research that

suggested the recovery of VBNC

cells included the

fact that different cell types were recovered by the
use of various growth regimes, specifically, the
enhanced recovery of microbial diversity on R2A as
described above.

Additionally, heterotrophic bacteria

were cultured from turbid but negative MPN tubes
containing no added carbon sources. These bacteria
were recovered on R2A agar from MPN tubes and yet were
morphologically and physiologically different from
cells recovered from initial platings of the same
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samples-

This suggests that these cell types were

capable of growth under the conditions provided (R2A
with 24 °C incubation) , but only after certain unknown
conditions were met.

Perhaps they were injured or

dormant cell types that required resuscitation before
becoming culturable, or perhaps proliferation of these
organisms from very small populations was required
before sufficient cell numbers were available for
detection.
Storage-related phenomena further suggest that
dormant or VBNC cell types are present in deep
subsurface rock.

One possibility explaining the

change in types of cells recovered only throughout
storage is that rare bacterial types grew during
sample storage (or in MPN tubes)
lack of growth of

and that death or

the previously more dominant

bacterial types prevented their detection.

However,

samples were stored at a restrictive growth
temperature without the addition of nutrient sources
(conditions which would limit outgrowth) and a
correlation was not fount between respiring and
culturable bacterial counts throughout storage.
Culturable counts continued to increase with storage
time while respiring cell counts peaked at 2 d before
declining
to growth,

and if

increased recovery was due solely

the pattern of respiring cell numbers
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should have mimicked that of culturable cells.
Methods are available to determine entire
community composition without the necessity of
culturing organisms.

While

methods such as total DNA.

(Torvisk, et al., 1990a and 1990b) and PLFA extraction
(White, et al., 1983) report full community diversity,
caution must be exercised in evaluation of data
obtained by these methods.

How do we know which parts

of the microbial community are dead, dormant or active
?

Questions such as these are of particular

importance vÆien studying environments such as the 1012 million year old zeolitized rock beds of Rainier
Mesa, or environments that may contain high numbers of
VBNC, dormant or dead microbiota.

Heterogeneity
With the advent of new drilling technologies, it
is now commonly accepted that a wide range of
microbial types inhabits the deep subsurface and that
they do not necessarily decrease in abundance or
diversity with depth (Balkwill, et al., 1989; Colwell,
1989; Fliermans, 1989) . Likewise, this holds true in
the subsurface of Rainier Mesa.

We have recovered

diverse microbial communities from depths to 450 m,
containing up to 1 x IJ^ culturable heterotrophic
organisms per gram of rock.

Within Rainier Mesa,
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microbial communities appear to be distributed in a
heterogeneous manner; heterogeneity has been
demonstrated in other terrestrial subsurface
environments as well (Balkwill, et al., 1989, Colwell,
1989; Fredrickson, et al, 1991).
It is difficult to compare the distribution of
microbiota within the NTS to research conducted at
other sites.

Other studies relied on the comparison

of microbial distribution with depth (accross
geological formations) or among boreholes (laterally
within geological formations)
Fredrickson, et al, 1989).

(Balkwill, et al, 1989;

We compared microbiota

between formations on a large (1 m - 10 km scale) and
within a single formation on a much finer, 3-D scale,
19 samples within a 21 mf rock section.

We found,

however, that variable distribution of microbial
diversity existed on both scales.

In our studies

heterogeneous distribution was demonstrated to be as
great between samples taken as close as 1 m apart as
those samples taken from diverse tunnel systems up to
10 km apart.

We demonstrated that different bacterial

types were recovered from clay, water and rock samples
taken in very close proximity to one another within
the subsurface.

Other researchers have also

demonstrated differences in the types of miicrobes
recovered from geological foxrmations with various
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physical characteristics (Balkwill, et al-, 1989;
Fredrickson, et al., 1991).
When trying to compare recoverable microbiota to
geological and/or hydrological properties of the
terrestrial subsurface environments, few predictive
relationships have been found.

Fredrickson, et al.,

(1991) reported lower abundances of microorganisms
associated with clay layers as compared to sandy
strata, but some rock samples at the NTS demonstrated
lower abundances and diversity of recoverable
microbiota than those recovered from NTS clay.
Lack of trends or correlations between
microbiology and geology/geochemistry provided
additional evidence for the isolated nature of
subsurface microbial populations in the zeolitized
rock beds of Rainier Mesa.

First, the lack of spatial

trends in the distribution of microbiota indicated
that no horizontal or vertical transport of bacteria
was likely.

Secondly, a significant correlation

between levels of nitrate and bacteria positive for
nitrate reductase was found.

Because bacteria capable

of utilizing nitrate were present in rock strata with
high nitrate levels, it is probable that these
microbial populations were limiited by some other
parameter.

For example, the lack of an available

carbon source would prevent use of the nitrate as and
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electron acceptor or as a nitrogen source.
Perhaps microorganisms recovered from the deep
subsurface of Rainier Mesa were existing as dormant
bacterial cells; bacteria that colonized (and
adapted?)

to the environmental conditions of the rock

matrix in a time past, but were not actively
growing/metabolizing at the time of sampling.

These

bacteria may exist as dormant vegetative forms that
are not currently influencing or being influenced by
their geochemical environment.
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COMPARISON OF IDENTIFICATION SYSTEMS FOR
THE CLASSIFICATION OF BACTERIA ISOLATED
FROM WATER AND ENDOLITHIC HABITATS
WITHIN THE DEEP SUBSURFACE

This appendix has been accepted for publication in
Applied and Environmental Microbiology and is
presented in the style of that journal. The cotrplete
citation is:
Any, P. S., D. L. Haldeman, D. Ringelberg, D. H. Hall,
and C. Russell. 1992. Conparison of
identification systems for the study of water and
endolithic bacterial isolates from the
subsurface. i^ypl. Environ. Microbiol. 58:33673373.
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ABSTRACT
One water and three rock samples were taken from
a mined tunnel system, U12n, in Rainier Mesa, Nevada
Test Site, Nevada. Endolithic microorganisms were
cultured from ashfall tuff, viiich was crushed and made
into slurries, using a formulation of artificial pore
water (APW), on R2A agar plates.
ranged from

10^

rock sampled.

to

10^

1

viable cells per gm dry wt of

The cultured water sample yielded 10^

viable cells per ml.
small (<

Microbial counts

Many of the isolates were very

um) vhen viewed in the rock matrix and

remained small even vhen cultured.
negative rods.

Most were Gram

Individual isolates were profiled by

API-NET strip number, antibiotic and metal resistance
patterns and colony and cellular morphologies.

Three

identification systems, API-NFT strips, BIOLOG and
MIDI were compared.

Each system identified only a

small percentage of the total isolates and in only
seven cases were the same isolates identified by more
than one system.

The same genus was identified in

three of these cases, but the different species were
indicated-

The genus Pseudanonas was the most

commonly identified.

The isolate profiles and the

three identification systems demonstrated that water
isolates were considerably different from endolithic
isolates.
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INTRODUCTION
The Deep Subsurface Microbiology program, funded
by the Department of Energy (DOE), has allowed many
scientists access to environments deep below the
surface of the earth.

At the Savannah River Plant,

Georgia, Hanford Reservation, Washington and Idaho
National Engineering Laboratory, Idaho, deep
subsurface samples have been obtained by drilling rock
cores (32) . The most extensive research has come from
those samples taken about six years ago at the
Savannah River Plant.

In the last two years

researchers have begun to quantify and characterize
the microbial communities of subsurface environments
from various geographical locations and geological
types.

At the Nevada Test Site, Rainier Mesa contains

several active and inactive mines (called tunnels)
used for underground nuclear testing.

These tunnels

total over 25 km mined passageways at depths between
350 and 450 meters below the surface.

Access to

freshly mined rock, either using hand tools or with
the aid of an alpine miner, has given the Deep
Subsurface Program another subsurface environment to
investigate.

The samples taken at the Nevada Test

Site have not been obtained from coring or drilling
processes, but rather by hand chipping into existent
tunnel walls after several centimeters of rock had
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been removed.
Of interest is the mechanism by which the
indigenous microorganisms have colonized the rock
matrix of subsurface environments.

One mechanism may

have been the colonization of rock between
depositional events.

Another is through movement with

water either from the surface or by lateral fluxes.
In either case, these microorganisms may represent
living cells that have survived for long periods of
time, years to thousands of years, or perhaps since
the diagenesis of the rock.
Also of interest to microbiologists is the
identification of microbes capable of surviving for
extended periods of time with little or no water and
nutrients.

Several systems now exist to identify

bacteria of specific metabolic types (API strips and
BIOLOG), fatty acid methyl ester analysis (MIDI), and
by genetic comparisons (19) . For identification of
unknown microorganisms each system has a bias toward
those organisms that are best characterized by the
particular system often based on data banks of
pathogenic species; those that are of most immediate
importance to mankind.

As vhen working with isolates

from the deep subsurface, these systems often fail to
identify environmental isolates (7,8) .
Of particular interest to DOE is the existence of
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individual or consortia of microorganisms which can
degrade contaminating substances from organic, metal
and radionuclide spills and leakage at DOE sites
(30,31).

If the indigenous microorganisms are

extremely old, they may possess degradative
capabilities lost to surface microbes.
The research reported here was initiated to
determine if viable microorganisms could be cultured
from the tuff formations of Rainier Mesa, and if so,
what the identity of such microorganisms might be.

Of

additional interest was the question of spatial
variability within one tunnel system in Rainier Mesa,
and comparison of endolithic bacteria with those of
rapid recharge water using various identification
techniques.

MATERIALS AND METHODS
Media and solutions.

The formulation for

artificial pore water (APW) was derived form
hydrogeological data of pore water and free-flowing
water in the tunnel system (10) .

It contained

MgSO^^THgO, 20 mg; AI2 (8 0 4 )3 , 0.19 mg; Na2B407 , 0 .55 mg;
CaS

0 4

, 14 mg; Na Si
2

CaCl * H
2

2

2

0

0 3

* H
9

, 33 mg; NaHC

2 0

0 3

, 228 mg; KNO , 13.5 tig;
3

, 170 mg; and FeS

mg per liter of deionized water.

0 4

* H
7

2 0

, 0.05

The pH was adjusted

to 8.0 before filtering and autoclaving.

The media
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used for viable cell plating were R2A (34) (Difco) and
1:10 Malt Extract Agar (Difco) . R2B contained yeast
extract (0.5 g), proteose peptone #3 (0.5 g), casamino
acids (0.5 g), dextrose (0.5 g), soluble starch (0.5
g), sodium pyruvate (0.3 g), NazHPO^ (0.3 g), and MgSOg
(0.5 g) per liter deionized water.

Antibiotic

susceptibility was tested using spread plates of R2A
and antibiotic discs containing airpicillin (10 ug),
nalidixic acid (30 ug), tetracycline (30 ug)
or triple sulfa (1.0 mg) (BBL).

(Difco)

Isolates were

considered resistant if they grew closer than 12 mm
(attpicillin), 13 mm (triple sulfa), 14 mm (nalidixic
acid), or 15 mm (tetracycline) to the disc.

Metal

resistance media were prepared by adding filter
sterilized metal ion solutions to cooled R2A at the
following concentrations: Cd^^, 1.5 and 3.0 trM; Hg*^
0.025 and 0.05 irM; and Zn*^, 5 and 10 trM.

Isolates

were scored from no growth (-) to growth as seen in
the control (+++).

Those receiving scores of ++ or

+++ were considered resistant to the metal.
Sample Collection.

U12n tunnel system was mined

into zeolitized alkaline to peralkaline ashfall tuff
(11) in the upper portion of a perched groundwater
lens hundreds of meters thick.

The tunnel depth is

approximately 400 m below the surface, yet hundreds of
meters above the regional water table.

Occasionally
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water flows freely from the tunnel walls where they
intercept faults or water-bearing fractures; sample SD
was collected from a flowing fault or fracture.
Samples were collected for microbial and geological
analysis from four separate locations within Tunnel
U12n, Rainier Mesa, Nevada Test Site, NV (Fig 1) .
Brief descriptions of the three rock samples. North
Drift (ND), N05 and N21 re-entry (N21) are contained
in Table 1.

The mean porosity and saturation of all

three rock samples were 36% and 96%, respectively
(11) . A substantial data base, maintained by Sandia
National Laboratory and the Department of Defense was
used to determine the physical properties of the
sample locations.

The geology was determiined from

existing U.S. Geological Survey publications (Table
1) . Atmospherically exposed surface rock was swabsampled using R2B as a wetting agent.

The swabs were

placed in sterile screw capped tubes containing R2B,
and transported on ice to the laboratory for spread
plating on R2A.

Surface rock was removed to

approximately 10 cm utilizing a geologic hammer and/or
an impact hammer; the implements were alcohol
sterilized and then used to aseptically expose fresh
rock faces.

The surface was swabbed again with a

sterile cotton swab wetted with R2B prior to sampling.
The rock was chipped into sterile glass jars, the jars
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were sealed and placed on ice until returned to the
laboratory in Las Vegas (<6 h) . During sampling,
exposed rock surfaces were periodically swab-sampled,
in the manner described, to determine if surface
contamination had occurred.

Fungi, abundant at the

surface but absent from the sample rock, served as a
surface contamination marker.
One water sample was collected at U12n South
Drift (sample SD) from a free-flowing seep (5 gal/min)
emanating from a fault that cross-cuts the tunnel wall
at that location.

Parameters such as dissolved

oxygen, pH, and electrical conductivity were measured
in the field.

The ionic geochemistry of SD water is

presented in Table 2.

Free -flowing water is thought

to be recharged by atmospheric precipitation.
Sample Work-up.

All equipment used to process

rock samples was sterilized.

Fifteen grams of each

rock sample were ground with mortar and pestle.,
suspended in 150 ml filtered APW and shaken at 100 rpm
for 1 h at 23 °C.

The slurry was used after brief

settling for spread plating onto duplicate R2A plates.
Plates were incubated at 23 °C for two weeks.
Culture Isolation.

Colonies were examined visually

and chosen for their dominance from duplicate R2A
plates.

Additionally, several unique colonies were

chosen for their unusual pigmentation or peculiar

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

313
colony morphology.

Individual colonies were

repeatedly transferred to R2A and incubated at 23 °C
until pure cultures were obtained on three successive
streak plates. Gram stains were viewed to confirm
purity.
Tentative identification of some isolates was
determined by API test strips for non-fermenting Gram
negative bacteria (API-NFT). These were prepared
according to the specification of the manufacturer
except that the incubation temperature was 23 °C for
48 h and APW was the diluent.
were harvested from R2A plates.

Freshly grown cells
Pure cultures were

prepared for fatty acid methyl ester analysis with the
MIDI system by 24 h growth on trypticase soy agar
plates as previously described (29).

Isolates tested

in the BIOLOG system were grown according to the
specifications of the manufacturer and as described by
Mauchline and Keevil (24) . Microtiter plates were
scored visually.

A portion of the 16S rRNA gene was

amplified by PCR and sequenced in the laboratory of R.
H. Reeves (Florida State Univ.) by "Taq DyeDeoxy
Terminator Cycle Sequencing" using a Model 373A
automated DNA sequencer (Applied Biosystems, Inc.,
Foster City, CA 94404) according to the manufacturer
(5) .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

314
RESULTS
Individual microbial isolates were cultured from
rock grains or a slurry made from 1:10 (w/v) rock and
APW.

By this method, cells attached or unattached to

rock particles were exposed to supportive growth media
(17) . Viable cell counts ranged from 10^ per ml in
the SD water sample to 10"^ per gm at N21.

The average

cfu/gm of rock was in the 10^-10^ range.

After one

week an identical treatment of rock samples N05 and ND
yielded 100-fold higher viable counts than the
original platings, with much less diversity.
mucoid colonies dominated each agar plate.

Large
No

colonies grew on 1:10 malt extract agar that could not
grow on R2A, and the number of colony types was much
greater on R2A.

Plates made from surface swabs,

compared to those from only a few centimeters below
the surface, contained very different microbial types.
The surface microbial community was dominated by
bacterial colonies over grown by fungi, whereas once
the surface rock was removed, the number of colonies
developed from swab samples of the fresh rock surface
were few in number, often pigmented, and the plates
showed no presence of fungi.
Many isolates were small ( < 1 um) vben viewed
under the microscope and remained small even during
growth, changing very little vben held without
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nutrients (data not shown) . The majority of isolates
from rock were Gram negative (85%), coccobacilli or
rod-shaped (95%), and often pigmented (65%) . Most
isolates were oxidase positive and non-fermentative
(Table 3) . Gram positive isolates came primarily from
site N21, a sample taken from overhead with water
dripping from its surface.

In an effort to compare

isolates that might not be readily identified to
species, a profile was made of each isolate which
included an API-NFT strip seven digit number and
resistances to various antibiotics and metal ions.
The antibiotic resistance data are displayed in Table
4.

All isolates from N05 were resistant to 30 ug

nalidixic acid, 10 ug ampicillin and 1 mg triple sulfa
discs.

Additionally, 92% of the N05 isolates were

resistant to the 30 ug tetracycline discs.

No other

site provided isolates showing such a high percentage
of resistance to these four antibiotics.

Isolates

from N21 demonstrated appreciable resistance to the
antibiotics used, this was similar to ND isolates when
nalidixic acid, ampicillin and tetracycline were
compared.

The SD water isolates demonstrated the most

sensitivity to antibiotics, with only 12% resistance
to tetracycline. Tetracycline resistance clearly
provided the best discriminator for profiling these
organisms.
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Differences between rock and water isolates were
also demonstrated with respect to resistance to
mercury and zinc ions

(Table 5) . The highest

percentage resistance to both metals was found with
the N05 isolates, 73% of which were resistant to 0.05
ttM

mercury.

Isolates from N21, ND and SD were only

13-44% resistant to 0.05 mM mercury.

Likewise, 62%

and 31% of the N05 isolates were resistant to 5 mM and
10 irM zinc, respectively, viiile only 25-44%

and Il

ls % of the remaining isolates were resistant.

No

isolate was capable of growing on either concentration
of cadmium, although some environmental isolates have
this ability (25) .
The 21 metabolic tests in the API-NFT strips were
used to compare isolates from one site to another.
The water isolates (SD) demonstrated a low percentage
of positive reaction in six tests compared to the
endolithic isolates.

These tests included esculin

hydrolysis ; para-nitro-phenyl-BD-galactopyranoside
(PNPG) cleavage; and n-acetyl glucosamine, maltose,
malate or glucose oxidation (data not shown) .

Sample

N21 isolates, influenced by water, were most similar
to SD water isolates when API-NFT results were
compared.

The isolates from SD and N21 showed high

percentage positive reactions for arginine
dihydrolase, urease, gluconate and citrate
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utilization, and low percentage positive reactions for
mannose and oxidase (data not shown).
Two identification systems, API-NFT strips and
MIDI, were used to identify all 47 isolates obtained
from rock and water samples.

Analysis with the API-

NFT strips yielded identifications for 14 of 47
isolates tested (Table 6) . MIDI fatty acid methyl
ester analysis identified 11 of the 47 isolates (Table
7).

The 18 isolates identified by either API-NFT

strips or MIDI were subsequently analyzed with the
BIOLOG metabolic identification system (Table 8) .
API-NFT analysis identified 30% of the isolates
to acceptable or better confidence levels (4)(Table
6) .

Only one isolate showed an excellent match, ie.

99.9% certainty that the isolate was Pseadœionas
fluorescens.

Approximately 70% of the isolates were

scored as "low discrimination, doubtful, or not
indexed in the data base" (4) . Genera identified to
acceptable or higher confidence levels include
Pseudœionas, Pasteurella, and Moraxella.
Additionally, several isolates were identified to the
species level.

Many of these genera have been

previously identified by API-NFT analysis from
drilling programs at the Savannah River DOE site (14) .
The MIDI system provided identification for
23% of the isolates with similarity ratios of 0.22 or
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higher.

Additionally, this system clustered the

poorly matched isolates into a dendogram with three
major relatedness groups (Table 7).

The groups were

pseudomonads and related genera, a Gram positive
group, including Bacillus, Micrococcus and
Aureobacterium sp. and a group of unknown identity.
The 18 isolates identified by either API-NFT or
MIDI were tested with BIOLOG.

This system identified

8 of 18 tested isolates (44%) to > 0.5 similarity
index value (Table 8).

Five other isolates were

identified with poor certainty, these were assigned to
genera Pseudomonas, Acinetobacter, Moraxella,
Xant±Lcmonas, and Sphingobacterium.

No identifications

with similarity ratios below 0.40 were considered.
When the identifications of isolates using the
three systems were compared, several organisms
appeared to be very similar or identical.

By API-NFT

profiles, NDR7 and SDR14 were identical, as were
N05R5a and N05M2.

Pairs of isolates were so closely

related by fatty acid methyl ester cluster analysis
that they were considered the same species.

N05R5a

and N05M2 clustered within the unknown group, NDR2 and
NDR6 clustered with NDR4 and SIM2 within the
pseudomonad group, and

N21R4 and N05R6 clustered near

Aureobacterium (Gram positive cluster), but were not
matched to a specific genus.

These pairs may be
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examples of the same bacterium isolated more than
once, but in most cases, some characteristic of the
isolate, eg., antibiotic or metal resistance patterns,
indicated that the isolates were different.

BIOLOG

also recognized the close relatedness of N05R5a and
N05M2, naming them Sphingobacterium iniiltivorum-like.
Interestingly, MIDI grouped these two isolates
together, along with N05R4, and named them
Sphingobacterium spiritovorum, but the similarity
ratios were very low (Table 7) .
Each identification system named some of the
isolates, but seldom was a single isolate identified
by more than one system. In the case vhere the same
isolate was identified by more than one system, the
identifications were not identical.

With both the

API-NFT and MIDI systems, most of the isolates (17 of
them) were placed in the genus Pseadcmanas.

However,

of these 17 identifications, in only seven cases did
both systems match the same isolates to the same
genus, and in no case were the identifications
identical at the species level.

With the BIOLOG

system, only 3 of 18 isolates were classified as
Pseudcmanas sp., but many of the other genera
indicated were closely related.

In three cases, the

MIDI system identified an isolate as P.
putida/syringae, vhereas the API-NFT system matched
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the same isolates to P. fluorescens or Pseudomonas
sp., and BIOLOG named them P. fluorescens.

The API-

NFT system classified NDR2 and the pair, N05R5a and
N05M2, as P. paucimoblis. The MIDI system also
recognized the relatedness between N05R5a and N05M2,
but identified them with low confidence to
Sphingobacterium spiritovorumj^ a placement within the
Cytophagales in Bergey's Manual, 9th ed. (22) . NDR2
was identified by two systems as a pseudomonad,
Pseudcmanas sp. (MIDI) or P. paucimoblis (API-NFT),
and by BIOLOG as Acinetobacter.

The remaining eight

isolates were uniquely identified by each system.
With MIDI analysis, few endolithic bacteria were
identified, whereas 9 of the 15 SD water isolates
matched the data base.

Only two N21 sample isolates,

and no ND or N05 isolates were matched to the data
bank, however, many of the N05 isolates clustered into
the unknown bacterial group.

BIOLOG identified

approximately equal numbers of isolates from each of
three sample sites, SD, N21, and N05, but the
similarity ratios for water isolates were consistently
high, vbereas those for endolithic isolates were
lower.

API-NFT identified equal numbers of isolates

from SD and N05, but only two isolates each from N21
and ND.
The API test bank, designed to identify
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pat±Logenic or common species of Gram negative nonfermenting bacteria, sometimes gave erroneous
identifications of subsurface isolates.

For example,

the data bank matched four isolates showing verylittle metabolic activity to Pasteurella sp.

Other

isolates also keyed to Pasteurella sp., but were not
considered to match the API-NFT data base because they
stained Gram positive or variable.

Additionally, one

isolate identified as Pasteurella was an actinomycete.
Isolate SDRll, listed in Table 6 as Pasteurella sp.,
was analyzed by 16S ribosomal-DNA sequencing and shown
to be either an Arthrobacter sp. or a bacterium
closely related to this genus (Reeves) . Many
subsurface microorganisms have stained Gram negative
or -variable, but by ribosomal-DNA sequencing they key
to Arthrobacter and related Gram positive genera.

DISCUSSION
Nevada Test Site samples were retrieved easily
with a sterile chisel and hammer.

The indigenous

microbiota were recovered from samples taken
approximately 10 cm below the tunnel wall surface.
One advantage of this sampling method is that large
quantities of rock can be obtained without the expense
and concern for contamination due to drilling
procedures (9,16,32).
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Recovered bacteria were aerobic heterotrophs
capable of growing on complex media.

Aerobic

heterotrophs were also found by others in the Savannah
River Plant subsurface drilling operations (9, 14).
Most of the bacteria were Gram negative, although
several isolates were Gram positive (6 of 15
identified by MIDI) , especially from site N21.

Others

have found Gram positive and pigmented bacteria in
subsurface environments as well (L. Hersman et al.,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1988, N49,
p.252) .
Water flowing relatively rapidly through faults
in the rock sections, for example the SD sample,
yielded bacteria that were either more easily
identified by API-NFT, BIOLOG and MIDI identification
systems or identified to a higher confidence level.
In contrast, the endolithic isolates were seldom
identified by any of the three systems.

Additionally,

the endolithic and water isolates did not appear to be
closely related to one another.

A few exceptions were

noted where ND and SD isolates appeared to be related.
Antibiotic resistance data also support the
differences observed between endolithic and the water
borne isolates.

All of the endolithic isolates,

particularly those from N05, were found to be more
resistant to four antibiotics than the water-borne
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isolates.

The N05 isolates were also unique in their

high percentage resistance to the metals zinc and
mercury.

It is not known why these isolates

demonstrated such high resistance to environmental
stressors, but many do contain plasmids (data not
shown) .
There is mounting evidence that subsurface
endolithic microorganisms in Rainier Mesa may be very
old.

There are two hypotheses vÆiich account for the

transport of microorganisms to the subsurface depths
studied.

They may be the original rock colonizers

following each volcanic ash fall or they may have been
transported to depth at a later time by water.

Water

from the surface can reach the subsurface sites via
three methods, fracture flow, matrix flow or a
combination of the two.

In Rainier Mesa, the travel

time for fracture flow recharge water (35) has been
estimated at between 6 and 30 years by % dating (12).
Calculations based on data presented by Thordarson
(36) indicate that travel times for pure matrix flow
are orders of magnitude greater (potentially as long
as 250,000 years) . This sets the minimum age of these
microbes at 250,000 years if they were deposited by
matrix flow from the surface.

The actual age is

probably greater since others have shown that bacteria
do not travel well through soils of low matric
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potential (38,39).

This is significant since a large

vadose zone is present above U12n tunnel, the source
of the satrples in this study.

Although the SD water

sartple and the N21 site contained fracture flow water
at the tunnel level, water travel to the ND and N05
sanples would have required mostly matrix flow, thus
longer travel times.

Lateral water flow is

essentially negligible in the saitple area (36),
because the water is perched in a bowl-shaped area
with impermeable layers below and air-rock interfaces
at the lateral boundaries of the mountain.

Lateral

water movement, therefore, does not account for the
presence of endolithic bacterial cells at this depth
in a shorter time than overhead recharge.

Researchers

at the Defense Nuclear Agency at NTS believe the pore
waters may be close to the age of the diagenic
zeolitization.

This process altered the intergrain

porosities so that they do not allow appreciable
intergrain migration of water (B. Ristvet, pers.
comm. ) . Futher research into the origins of these
endolithic bacteria and comparisons of genetic and
structural components of endolithic subsurface
bacteria to "modem" bacteria might prove interesting.
The age of the rock that was sampled and the lack
of water movement in nonfractured rock of Rainier Mesa
imply that endolithic microbiota have been in place
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for a long time, and having been in place, would have
had to endure an environment of little or no
nutrients.

Environmental bacteria often survive

periods of starvation in nature (1,2,33).
Pseudomonads were the most common microorganisms
isolated from these rock samples, and are known to
survive for long periods of time (months to decades)
(M. P. Buttner, M.S. thesis. University of Nevada, Las
Vegas, 1989, 18, 21) .

Pseudomonads fill the

ecologically equivalent niche to the vibrios of marine
waters, on vbich most starvation studies have been
based (1, ,23,28) . Mechanisms for long-term survival
of bacteria include fragmentation or division without
growth, miniaturization of cells (2,23,26,28,37), and
changes in nutrient uptake kinetics (15,20,27).

Many

of the isolates of this study were not only very small
as seen by epifluorescence, but unlike many studied
from soil and marine waters (3,6,37), most remained
very small even during growth.
Although we do not presently know the true age of
these endolithic bacteria, an effort is being made to
age the pore water to confirm their minimal survival
time.
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Figure 1.

The location of Rainier Mesa relative to

the Nevada Test Site and vicinity.
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APPENDIX II
HETEROGENEITY OF DEEP SUBSURFACE
MICROORGANISMS AND CORRELATIONS
TO HYDROGEOLOGICAL AND
GEOCHEMICAL PARAMETERS

This appendix has been accepted for publication in the
GecmLcrobiology Journal and is presented in the style
of that journal. The coitplete citation is:
Russell, C. E., D. L. Haldeman, P. S. Airy, and R.
Jacobson. 1994. Heterogeneity of deep subsurface
microorganisms and correlations to
hydrogeological and geochemical parameters.
Geomicrobiol. J. In press.
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Abstract

Nineteen sairoles were obtained from a 21 nf

section of zeolitized volcanic ash-fall tuff, 390 m
below the surface of Rainier Mesa, Nevada.

Rock mined

aseptically from the walls of deep subsurface tunnels
provided pristine sanples for microbiological and
geochemical analyses. Microbiological parameters
measured on all samples included direct counts and the
abundance, diversity, morphology and metabolic traits
of culturable organisms.

Physical and chemical

parameters measured included ionic and nutrient
chemistries, mineralogy, porosity, moisture content
and permeability.

The results indicate that the

culturable microbiological community size and
composition exhibit random spatial variability within
the geologically/geochemically homogeneous rock
section.

The relative abundance of a microorganisms

testing positive for nitrate reductase demonstrated a
spatial trend along the y and z axes of the rock
section by gradient analysis.

The pore water

concentration of nitrate correlated with numbers of
bacteria testing positive for nitrate reductase and
indicates that these bacteria may exist as dormant
forms in situ.
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Introduction
A number of investigations have been conducted to
determine the presence, abundance, and diversity of
microorganisms from pristine subsurface environments
including sediments (Balkwill, 1989; Bone and
Balkwill, 1988; Chapelle, et al., 1987,-), aquifers
(Balkwill and Ghiorse, 1985; Hirsch, 1992), paleosols
(Brockman, et al., 1992), and
1989) .

basalts (Colwell,

Innovations in drilling techniques have

facilitated the recovery of representative subsurface
material (Phelps, et al., 1989; Colwell, et al, 1992),
but have limitations for three dimensional sampling
and analysis.

Researchers vho have investigated the

spatial variability of microorganisms in deep
environments, usually acquired samples from boreholes
and investigated vertical variability, or addressed
lateral variability utilizing multiple adjacent
boreholes

(Balkwill, et al., 1989; Beloin et al,

1988; Colwell, 1989; Davis, 1967; Frederickson, et
al., 1991; Ghiorse and Wilson, 1988; Kuznetsov, 1963;
Madson and Ghiorse, 1993; McNabb and Dunlap, 1975) .
Correlations have been demonstrated between microbial
activity and abundance to sediment texture, pore water
pH and Eh, and concentration of metals and nutrients
in pore water (Beloin et al., 1988; Davis, 1967;
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Fredrickson et al, 1989 and 1991; Severson et. al.,
1991; Sinclair and Ghiorse, 1989, Whitelaw and Rees,
1980).
An alternative to drilling has been used at
Rainier Mesa, Nevada Test Site vhere samples have been
m±ned from the walls of subsurface tunnels

(Amy, et

al., 1992; Haldman and Amy, 1993; Haldeman, et al., in
press) .

Samples have been obtained by removing

existing tunnel wall surfaces with sterile tools by
hand (Amy, et al. 1992, Haldeman and Arty, 1993), or
with an alpine miner (Haldeman, et al., in press) .

In

a study at the Nevada Test Site (NTS), mined samples
were used to determine that the same degree of
variability existed across all scales of lateral
distance ranging from 1.5m - 10 km (Haldeman and Amy,
1993) . The two fold purpose of this study was to
investigate the presence, abundance, diversity, and
spatial variability of microorganisms in the deep
subsurface at Rainier Mesa, NTS and to determine if
the microorganisms were correlative with the
hydrology, geochemistry and mineralogy of the
subsurface environment.

The 26 km of tunnel systems

at the NTS provided a unique opportunity to acquire
samples in a 3-dimensional array, without the concern
of compromising sample integrity with drilling fluids
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or coring equipment (Amy, et al., 1992; Christofi, et.
al., 1984; Haldeman and Amy, 1993; Haldeman, et al, in
press; Mayfield and Barker, 1982).

Materials and Methods

Study Location
Nineteen samples were collected from a 21 mP
section of rock mined 390 m beneath the surface of
Rainier Mesa, Nye County, Nevada. Rainier Mesa is
located on the Nevada Test Site approximately 150 km
northwest of Las Vegas, Nevada. The mesa, at 2343 m,
is the highest of a group of mesas, ridges, and low
mountains that compose the north-south trending Belted
Range. Rainier Mesa is composed of a layercake series
of ash-flow and ash-fall tuffs with moderate to
abundant pumice fragments.
The rock cube was mined in a thick bedded, fine
to coarse grained, zeolitized, ash-fall tuff unit.
The lower unit of the tunnel bed has been fluvially
reworked in places and contains small isolated
silicified lenses.
Three geologic beds were encountered within the
cube. These beds dipped less than 5° to the north. The
exposed portion of the lowermost bed was approximately
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1.5 m thick, the middle bed was 0.70 m thick, and the
exposed portion of the uppermost bed was 0.8 m thick.
The exposed beds were relatively homogenous with
respect to geology, hydrology, and geochemistry (Table
1) . The exposed beds varied only slightly in
percentages of groundmass, lithic fragments, pumice
fragments, and phenocrysts. The groundmass of the
tunnel beds was typically composed of zeolites and the
phenocrysts were dominated by plagioclase feldspars.
The hydrology and the geology of the exposed beds were
also relatively homogeneous with the middle bed
exhibiting a slight dilution in concentration of the
major ions within the pore water and a lower hydraulic
conductivity in comparison to the upper and lower
beds.

San^ling
Nineteen sample locations, located on four faces,
were derived from an experimental design modified from
Box and Wilson (1951) as shown in Table 2.

Sample

locations were exposed through the use of an alpine
mdner, vhich operated by rotating multiple carbide
steel bits against an exposed rock face without the
use of lubrication or a cooling fluid.

Just before

sampling the first face, 5.64 mP of rock was removed
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from the tunnel wall.

Locations of mined samples were

determined by measuring the angle and distance of the
sample point to a core hole, used as a surveying
benchmark.

Coring fluids, used for the benchmark

core, were tagged with lithium bromide as a quality
assurance tracer.

Once the sample point was

established, the outer two to three centimeters of
rock were chipped away, by hand, with sterilized
chisels and hammers to expose an uncontaminated face
for microbiological sampling.

Rock was chipped by

hand directly into plastic Ziplock bags, transferred
to coolers, and held on ice for transportation to the
laboratory. The bit of the alpine miner was
repositioned to the sample point to gouge out
approximately two kilograms of rock for the
hydrologie, minéralogie and geochemical analyses. The
latter samples were homogenized, placed into
appropriate containers, preserved with an argon
atmosphere and sealed. The absence of drilling fluids
during miining, the ability to resterilize sampling
equipment during mid-sampling, and direct observation
and control of the sample process allowed for accuracy
and quality assurance during sampling.
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Micirobiological Methods
The methods used for the microbial sample
preparation and analysis were presented by Army et al.
(1992) and Haldeman and Amy (1993) . See Table 3 for
methods and references.

Geocheadcal Methods
Rock samples for geochemical analyses were placed
into centrifuge tubes, flushed with argon gas, sealed,
labeled and transported to the laboratory for pore
water extraction. The samples were centrifuged at
49,500 X g for a period of two hours. All materials
and centrifugations were maintained at
45° C. The lengthy procedure and high acceleration
were required to extract water from rock that had an
average hydraulic conductivity of 29.65 millidarcies
and an average matric potential of -33.33 bars. The
mean water volume extracted was 8 ml, with a range of
0 to 21 ml.

See Table 4 for geological methods and

references.

Hydrological Methods
Rock samples were analyzed for hydraulic
conductivity, total porosity, porosity distribution,
matric potential and gravimetric moisture content.
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Analyses were performed on subsanples of those used
for geochemical analyses. One kilogram of rock was
placed into a glass container, flushed with argon gas,
sealed with parafilm, and maintained at 25° C during
transport to the laboratory. Samples were split and
sent to various laboratories for the five different
analyses. Hydraulic conductivity was determined by
native state water permeability, total porosity was
determined by helium porisimetry, porosity
distribution was determined by mercury injection, and
matric potential was determined by thermocouple
psychrometry.

Mineralogical Methods
Separate mineralogical samples were collected as
replicates of those used for hydrologie analyses.
Samples were cut, mounted on a slide, and ground for
optical analysis or the sample was powdered for bulk
x-ray diffraction analysis. Samples were also analyzed
for grain size distribution by laser particle size
analysis.

Statistical Methods
Univariate statistical analyses were conducted on
all microbiological parameters.

The correlation
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coefficients of the microbiological and physical
parameters were determined according to Isaatis and
Srivustuva (1989) using Unixrstat 5.0.

Additionally,

microbiological data were correlated relative to the
sample coordinate system (Table 2) by gradient
analysis.

Results

Quality Assurance Analyses
Contamination of the mined samples by coring
fluids and desiccation by evaporation of pore water in
the sample cube to the ambient air in the nearby
U12n.24 bypass drift were considered.

The bromine

tracer concentrations of the cored and mined samples
were significantly lower than that of the coring
fluid. Concentrations of the tmined samples were, with
one exception, within 0.1 mg/1 of background
groundwater concentrations and therefore, not
influenced by contact with drilling fluid.

One

sample, N6, had a bromine concentration of 0.5 mg/L.
Desiccation of the rock section by evaporation
appeared to be nonexistent. A graph of the 0^®0 & and
Ô deuterium % stable isotopic signatures of the pore
water from the mined samples is shown in Figure 1.
Also shown is the International Atomic Energy Agency
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(IAEA)

meteoric water line, which represents the

linear relationship between ô

and ô deuterium &

for precipitation as it occurs around the world (Fritz
and Fontes, 1980) . Evaporation of any body of water
will enrich the remaining aqueous fluid with ^®0 and
and a relatively greater amount of deuterium.

If

evaporation had occurred, isotopic analyses of the
pore water would have resulted in data points below
and to the right of the meteoric water line (Fritz and
Fontes, 1980) , which it did not.

Statistical Variability of Microbiological Parameters
The statistical analysis of microbiological
parameters is presented in Table 3. For each
parameter, the coefficient of variation (CV) was
considered small to moderate if the CV < 1, or large
if the CV ^1. Total and viable counts exhibited
moderate (0.79) and large (2.76) variability,
respectively. Measures of microbial

diversity

demonstrated small to moderate variance. The abundance
of specific microbial types, as identified by API
rapid NFT strips, demonstrated large variance.
However, many sample locations were devoid of a
specific isolate type, while in other samples a
bacterial type represented up to 52% of the culturable
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community.

The majority of physiological traits

demonstrating large variance were characterized by 25%
or more of the sample values being equal to zero,
i.e.,

all isolates from a particular sample

tested

negative for a specific character. The large CVs,
i.e., glucose fermentation, tetracycline resistance,
the ability to metabolize caprate and N-acetyl-1
glucosamine as sole carbon sources, and positive reac
tions for the presence of arginine dihydrolase and
oxidase, are indicative of the sporadic occurrence of
microorganisms exhibiting these traits within the
samples. The only large CVs based on primarily
positive values were the ability to metabolize phenyl
acetate and mercury resistance.

Gradient Analysis of Microbiological Parameters
Gradient analysis consisted of calculating the
correlation coefficient (a=0.05) for values of a
specific microbiological parameter relative to the
sample coordinates along the x, y, or z axis.

Out of

40 measured microbiological parameters, only three
exhibited a statistically significant linear
correlation to any one of the axes, and included log
direct counts (-0.415) and Shannon diversity (-0.445)
to the X axis, pigmentation (0.698) to the y axis and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

357
nitrate reductase to both the y
(0.578).

Interestingly, the

(0.433) and z axes

concentration of nitrate

in the pore water also correlated to the y (0.687) and
z axes (0.426).

Correlations Between Microbiological and Physical
Parameters
Significant correlations (o = 0.05), for all
possible pairs of microbiological and
physical/chemical parameters from the 19 sample
points,

are included in Table 7.

1700 correlations, only 75 had

Out of a possible

r ^ 0.4, 45 r ^ 0.5

and 20 r ^ 0.6.
A significant positive correlation was detected
between total cells per gram of rock and gravimetric
moisture content (0.626).

Chloride concentrations

correlated with colony types (kinds) found in each
sample (-0.631), Simpson equitability (0.747) and
pigmentation.

Nitrate concentrations correlated with

Simpson diversity (0.604), Simpson equitability
(0.711), Shannon evenness (0.707), pigmentation
(0.643) and nitrate reductase production (0.636).
A number of postive correlations were
demonstrated between microbiological parameters and
ion concentrations.

For example, Simpson equitability
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and pigmentation correlated with pore water
concentrations of nitrate, potassium, and chloride
ions; Simpson diversity with nitrate and phosphate
ions; zinc resistance with sodium and sulfate ions;
Shannon evenness with chloride and nitrate ; and
citrate utilization with sodium and bicarbonate ions.

Discussion
The tunnel systems within Rainier Mesa offered a
unique opportunity to obtain representative subsurface
samples for microbiological and geochemical analyses
in a three dimensional array. Indigenous microbiota
were recovered with limited disruption/contamination
during sampling; no fluids were required when using
the alpine miner, low amounts of heat were generated
by the sampling bits, ventilation ducts removed dust
from the sampling area, fresh sampling faces were
created with flame-sterilized tools after removal of
the alpine miining equipment, and evaporation was
minimal within the rock section as evidenced by the
0^®0 & and Ô deuterium & stable isotopic signatures in
the pore water.

Further, if contamination had

occurred, one might have expected to see gradients in
either geochemistry or microbiology into the rock
section (z axis), while few trends were observed.
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Variability of microbiology
Most measures of microbial abundance, diversity,
and physiological traits were characterized by small
to moderate variability within the rock section (CV
<1) .

Perhaps low variability in these parameters is

indicative of the selective nature of the isolation
medium used.

Microbiological analysis of sartples

revealed a mean log total cell count of 7.03 (ranging
from 5.84 to 7.68 cells gdw'^ ), whereas mean log
viable cell count was considerably lower, averaging
2.71 (ranging from 1.44 to 4.45 cells gdw^) . However,
attenpts to culture other microbial types (ironoxidizing, sulfur-oxidizing, sulfide-producing,
nitrifying, and photosynthetic bacteria) or the use of
various media to dectect greater diversity have been
unsuccessful (Amy, et al., 1992; Haldeman and Amy,
1993, and unpublished data) . Because of the
itrpermeability of zeolitized tuffaceous rock, nutrient
flux is negligible in this environment, and it is
likely that many of the non-recoverable bacterial
cells were dead or moribund (Any, et. al, 1992; Any,
et. al, 1993; Haldeman, et al., 1993).
A few of the physiological traits were more
variable within the 19 sanples (CV ^1) , but generally,
large variations were the result of the sporadic
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occurrence of organisms testing positive for a
particular physiological characteristic, while the
isolates from the remaining samples tested negative
for that trait.

Although conparisons between samples

are valid if the sartples have been handled in the same
manner, the lack of responses of recoverable
microbiota to many physiological tests likely
underestimated the variability in microbial
distribution.
A survey of several tunnel systems within Rainier
Mesa (Haldeman and Amy, 1993) analyzed subsurface
sartples for microbiological parameters and
demonstrated some similarity between those results and
the ones presented here (Table 6) .

Both studies found

the greatest variability within the measures of
microbiological abundances (direct counts and
culturable counts) and for specific physiological
traits (tetracycline resistances and mercury
resistances) and the smallest variability in measures
of morphological traits (pigmentation and shape) and
diversity and equitability. These results indicate
that microorganisms recovered within the 21 mP sample
block exhibit as much variability in distribution as
those observed in sanples taken kilometers apart.
Microbiological variability has been demonstrated in
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ot±Ler subsurface environments, as well, cotrparing
microorganisms recovered from different depths,
boreholes, and geological formations (Balkwill, 1989,
Kieft et al., 1990, Brockman, et al, 1989, Colwell,
1989).

Gradient analysis
A trend in microbiological distribution into the
rock section (z axis) may have indicated an exogenous
influence that irrpacted
system.

the wall of the tunnel

Trends in the x (right to left) or z axes

(front to back) may have been indicative of lateral
transport of microbes in the subsurface vÆiile trends
in the y axis (vertical) may have provided evidence of
how subsurface microbiota originated, either by
entrainment at the time of ashfall deposition or with
recharge water

before extensive zeolitization

decreased the permeability of the sampled rock.

Even

though moderate variability occurred in some
microbiological parameters, however, correlations of
microbiological parameters within the coordinate
system of the rock section were infrequent. The only
significant correlations, were between direct counts
(-0.415) and Shannon-Weaver diversity (-0.445), to the
X axis, the presence of pigmented (0.698) and nitrate
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reductase positive bacteria (0.433) to the y axis, and
nitrate reductase positive bacteria to the z axis
(0.578).

Correlations between microbiology and geology
The results of this study demonstrated few
correlations between the abundance and composition of
recoverable microbiological communities and the
hydrology, geochemistry, or geology of the rock
section.

Strictly from probability, five percent of

the correlations at a = 0.05, although appearing
significant, may be due to random chance.

Because

only four percent of the 1700 correlations were
identified as significant, they should be considered
tenuous until confirmed by further experimentation.
However, these results are still valuable for several
reasons.

Because many microbiological parameters

demonstrated correlations with ionic chemistries
(Table 5), it is possible that ecological
relationships exist, although insufficient information
is available to warrant explanation here. Ionic
concentrations are known to affect microbial
attachment (Cowan and Fletcher, 1987;
and transport,

Fletcher, 1990)

(Yates and Yates, 1988; Camper et. al.,

1993) and these factors are important for organisms
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within an environment with low nutrient flux such as
the zeolitized tuffs of Rainier mesa.

Further,

evidence indicates that bacteria recovered from
zeolitized tuffs within Rainier Mesa may be dormant
(Amy, et al., 1993; Amy, et al., 1992; Haldeman and
Amy, 1993; Haldeman, et al., 1993) and osmotic
differentials have been shown to affect the
starvation- survival and resuscitation of dormant
bacterial populations (Jenkins, et al., 1990; Kaspar
and Tarrplin, 1993. Munro, et al., 1989; Scaravaglio,
et al., 1993).

Deutch and Perera (1992)

demonstrated that osmotic stress affected

the

morphology of arthrobacters, a genus commonly
recovered from the subsurface in Rainier Mesa

(Amy,

et al., 1992; Haldeman, et al., 1993).
In this study, pore water nitrate levels and
numbers of nitrate reductase-positive bacteria
demonstrated a positive correlation .

Low water

influx and the absence of nitrifying bacteria within
the rock samples (N9 and N19 as reported in Haldeman
and Amy, 1993) indicates that nitrate was not produced
or inported into the rock section. Others have
observed such counter intuitive results,

in different

subsurface environments; Whitelaw and Reese (1980) and
Fredrickson et al. (1989) have observed correlations

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

364
between ammonium concentration and the presence of
nitrifying bacteria.

Results such as these may

provide clues to the dormant nature of bacteria
entrained in deep environments.
Other researchers have determined relationships
between microbial activity and physical parameters
within a particular subsurface environment (Beloin et
al., 1988; Frederickson et al., 1989; Severson et al.,
1991; Sinclair and Ghiorse, 1989; Whitelaw and Reese,
1980). Generally, these studies have determined
correlations on a much larger scale, vertically within
boreholes, between boreholes or geological formations.
Perhaps the homogeneity of the rock section in Rainier
Mesa, and its associated geochemistry, measured on a
smaller scale,

did not exhibit

geological/geochemical gradients large enough to
demonstrate an
microbiota.

inpact upon the distribution of

Further, microorganism distribution may

be related to geology/geochemistry on an even smaller
scale.

They may be most affected by the physical

conditions in microenvironments, while the measurement
of physical parameters can only represent a composite
analysis, derived from a sample size for
geochemistry/geology that is generally several orders
of magnitude larger than that used for microbiological

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

365
analysis.

Correlations between the two may never be

detected until microprobes are developed to measure
physical parameters on a scale that is relevant to the
immediate environment of the microorganisms. Finally,
perhaps more importantly than the present
geological/geochemical environment,

past

physical/chemical conditions may have selected for
bacteria that are now in a "dormant" state, and that
may not be influenced by (or influence) current
geochemistry.

Stmmary
Tunnel systems provide a unique sampling
opportunity for obtaining representative subsurface
material for analysis in three-dimensions. Commonly
used microbiological methods demonstrated variability
in microbial distribution within a 21 mf section of
subsurface rock at approximately 400 m depth.

Numbers

of nitrate reductase-positive bacteria demonstrated
trends in distribution along two axes of the rock
section.

Although significant correlations between

geology, geochemistry and hydrology with microbial
parameters were few, pore water nitrate concentrations
correlated with numbers of bacteria positive for
nitrate reductase and indicate that bacterial
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communities in zeolitized tuff may exist in situ as
dormant forms.
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Figure Legend.
Figure l.

Stable isotopic signatures from the mined

rock section and seeps in the U21n tunnel.
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APPENDIX III
COMPARISON OF THE MICROBIOLOGY OF DEEP
SUBSURFACE VOLCANIC TUFF OBTAINED
BY DRILLING AND MINING

This appendix has been accepted for publication to the
Journal of Microbiological Methods and is presented in
the style of that journal. The complete citation is:
Haldeman, D. L., P. S. Amy, C. E. Russell, and R.
Jacobson. Conparison of the microbiology of deep
subsurface volcanic tuff obtained ^ drilling and
mining. J. Microbiol. Meth. In revision.
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Summary
Ashfall tuff samples for microbiological analysis
were obtained by mining and drilling within a 400 m
deep tunnel system at Rainier Mesa, Nevada Test Site.
Comparison of microbiota revealed that bacteria
recovered from the core samples were similar to those
recovered from the mined samples in abundance,
diversity, evenness of distribution, and the numbers
of distinct colony types.

Morphological and

physiological characterization of one of each distinct
bacterial type, from cored and mined samples,
indicated some similarity in the microbiota that were
recovered.

Drilling fluid microbiota were more

abundant, and were distinct from those recovered from
cored or mined samples. Storage of both the mined and
cored samples for 1 wk at 4°C led to the recovery of
increased numbers of culturable cells, but with
decreased diversity.

Introduction
In the not too distant past, concern for sample
integrity compromised microbiological research of deep
subsurface petroleum reservoirs deposits and ground
water aquifers.

The question of whether or not

microorganisms were truly indigenous to subsurface
environments could not be definitively proven [1] .
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New techniques have improved the ability to obtain
representative subsurface material for microbiological
analysis by using drilling methods that included
quality assurance protocols [2,3,4].

Subsurface

samples have also been obtained from the walls of
existing deep subsurface tunnel systems [5,7,8,9] . At
the Nevada Test Site, samples were aseptically chipped
from the walls of tunnels after first creating fresh
sampling faces with sterile implements [5,7].
Additionally, samples were obtained by hand after an
alpine miner removed extensive amounts of rock.

The

alpine miner removed cubic meters of rock per minute,
without the use of drilling fluids or the production
of high heat [8] .
The purpose of the work reported herein was to
compare the recoverable microbiota from deep
subsurface samples obtained by two methods;
horizontally coring into the walls of a 400 m deep
subsurface tunnel and hand sampling after alpinernining.

Drilled cores were aseptically pared before

analysis, drilling fluids were analyzed both before
and after drilling, and quality assurance protocols
were used throughout the mining sampling process.
Additionally, because it has been reported that
recoverable microbiota change in abundance and
composition from subsurface samples that are stored

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

392

[10,11], mined and cored samples were stored for 1
week at 4° C and compared to determine storage-related
effects.
Data describing three-dimensional distribution of
microbiota, and storage results from the mined samples
have been previously reported [8,11] .

Materials and Methods:
Ashfall tuff samples (mined and cored) were
obtained within a 21 mf rock section located 1.8 km
into Rainier Mesa, Nevada, Test Site at 400 m depth.
To insure representative subsurface material was
obtained, 0.61 m of rock was removed with an alpine
miner before sampling was initiated [8,9] . A portable
coring tool was used to drill perpendicularly into the
wall of the tunnel to obtain five core samples at 0.75
m intervals: samples NC24, NC25, NC26, NC27, NC28,
respectively (Figure 1) . The coring fluid was tagged
with 26 mg» 1'^

lithium bromide, a conservative

tracer, to determine if samples were contaminated
during the drilling process. Ipon reaching the desired
sample depth into the rock section, the drill core was
removed from the drill hole, the core was immediately
removed from the coring barrel, aseptically pared,
transferred to sterile containers, and put into
coolers containing ice for transport to the
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laboratory.

Drilling fluid samples, were collected

both before (DFB) and after (DFA) circulation into the
drill core.
The 19 mined samples (N1-N19) were chipped into
sterile containers with flame-sterilized hand tools
after first creating a fresh surface that had not been
exposed to the alpine miner rotary carbide bits [8] .
R2A agar (Difco) plates were opened during sampling to
determine the extent of contamination created by dust.
Swabs wetted with sterile water were rubbed on the
rock face both before and after hand sampling, and the
R2A plates were prepared from the adhering material
for quality assurance.

Although sampling of the

entire rock section (coring and mining) took
approximately 18 h, phase delivery of samples to the
laboratory allowed minimal time lapse (less than 6 h)
before sample analysis was initiated.
For tracer analysis, replicate rock samples were
obtained at each sample point in the mined rock
section, and from proximal core material (including
rock pieces that were pared from the core used for
microbiological analysis). Rock samples were placed
into centrifuge tubes, flushed with argon gas, sealed,
and transported to the laboratory for pore water
extraction.

The centrifuge tubes containing rock

material were kept refrigerated during and after
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centrifugation at 49,500 g

for 2 h.

EPA method 300.0

[12] was used to analyze for Br" on a Dionex 2010 ion
chromatograph with a Spectro Physics 4279 Integrator.
Microbiological analyses of samples were
completed as previously described [8] , and included
culturable counts on R2A agar, fluorescent microscopic
direct counts. Shannon diversity and evenness indices,
and the numbers of distinct bacterial types.

One of

each distinct bacterial type, isolated from the NC27,
N19, DFB, and DFA samples, was characterized as
previously described [7], and included physiological
data obtained from API rapid NFT strips (Analytab
Products, Inc. Plainview, NY), resistances to
antibiotics (nalidixic acid, ampicillin, tetracycline,
triple sulfa), resistances to metals (zinc and
mercury) , and both colony and cellular morphologies.
After storage of the NC27 and N19 rock samples
for 1 wk at 4°C, a replicate analysis was completed,
including the determination of culturable counts,
diversity and evenness indices, and isolate
characterization.
Isolates were compared by cluster diagrams
(Exeter Software, 100 North Country Rd., Setauket, NY
11733) ; clustered were generated by the unweighted
pair-group method, arithmetic average (UPQyiA)

[13] . A

simple matching coefficient was used to construct a
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similarity matrix based on API- rapid NFT test
results, resistances to metals and antibiotics, and
cellular and colony morphology.

Results and Discussion

Sample Collection and Integrity
Representative subsurface material was collected
for microbiological analysis of mined samples.

The

use of fallout plates to determine the influence of
dust created during sampling, and the use of swab
cultures both before and after the creation of fresh
rock faces demonstrated that microbicta indigenous to
the subsurface rock were recovered from mined samples.
Swab plates of fresh rock faces contained fewer
bacterial colonies and were devoid of fungi, as
compared to swab cultures of the exposed tunnel wall,
which were overgrown with bacteria and fungi.

Fallout

plates supported the growth of some bacteria, but were
generally devoid of fungi. This was not unexpected as
indigenous rock bacteria were most likely present in
the dust created during miining.

Additionally, the

influence of physical factors on the rock section,
i.e.,

drying and temperature flux, appeared to be

minimal.

Deuterium and oxygen-18

ratios determined

from pore water extracted from the mined samples were
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compared, to the International Atomic Energy Agency
meteoric water line [14] . The comparison yielded
ratios suggesting that minimal evaporation occurred
from the rock section [9] .
Bromide concentrations for both mined and cored
samples are presented in Table 1. The concentrations
for the mined samples were within 0.1 mg» 1'- of
background pore water values and were lower than that
of the cored samples with the exception of sample N6.
Therefore, the mined samples do not appear to have
been contaminated by contact with the coring fluid.
Although the core samples contained higher bromide
levels, the values were approximately 6-fold lower
than that of the circulating fluid.

Canparison of Drilling Fluid and Rock Sanples
Microbiological analysis of drilling fluids,
mined and cored samples, indicated that microbial
communities differed in abundance (Table 2) . Both DFB
and DFA (drilling fluid) samples, had culturable
counts higher than the N19 (mined) and NC27 (cored)
samples. The diversities of the drilling fluid
samples were comparable to the rock samples, while the
distribution of bacteria, as demonstrated by evenness
indices, was greater.

The numbers of distinct types

of bacteria were higher in the rock samples, and upon
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repeated culture onto R2A agar, many of the DFA and
DFB isolates became non-culturable; 2 of 16 (12.5%)
and 6 of 15 (40%), respectively.

None of the rock

isolates was lost upon repeated culture on R2A agar,
indicating different bacterial communities were
recovered from the drilling fluid , despite comparable
evenness and diversity values.

Cœparison of Cored and Mined Sanples
Culturable counts, diversity, evenness, and the
number of distinct bacterial types isolated from each
of the samples revealed that microbiota recovered from
the cored and mined samples were comparable (Fig. 2) .
The number of distinct isolate types recovered from
core samples fell within the minimum and maximum
values observed from the mined samples obtained from
the same rock face (Fig 2A) . For culturable counts
(Fig. 2B), diversity (Fig 2C), and evenness indices
(Fig 2D) the values for the cored samples were either
within the variability demonstrated by the mined
samples or the deviation was small, i.e., less than
one standard deviation from the maximum or mdnimium
mined value.
Although the direct counts of the cored samples
generally fell at or below the minimum value of the
mined samples in each face (3 out of 4 sample points.
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Figure 2E), it should be noted that the direct counts
of the rained samples were normalized on a per gram dry
weight basis.

Because of the limited availability of

core material, the mean water content of the entire
rock section was used to normalize direct counts for
the cored samples. This introduced error in the direct
counts ; drilling fluid impacted the core rock, making
the moisture content higher, and concomitantly
yielding lower counts on a per gram dry weight basis.

Ccnparisan of Isolates
Dendrograms, generated from isolate
characterization (API rapid NFT test strips,
resistance profiles, and morphology), were used to
determine if the types of isolates recovered from
cored and mined samples were morphologically or
physiologically related.

A similarity value of 0.8

was chosen to divide groups of organisms into
clusters. Cluster diagrams of isolates recovered from
the N19 (mined) and NC27 (cored) samples demonstrated
commonalities in microbiota (Table 3) ; 5 out of the 19
clusters contained isolates from both samples.
clusters containing only 1-2 isolates each,
types of bacteria
mined sample.

In 14

the

were unique to either the cored or

These results corroborate data on the

distribution of the microbiota within the 19 mined
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sanples.; some bacterial types were found in multiple
sanples, while some were unique to a single sanple
[8] .
When drilling fluid isolates were included in
the cluster analysis, one cluster contained isolates
unique to drilling fluid and 10 clusters contained
isolates unique to rock (Table 4) .

Some clusters

contained isolates found in both rock and drilling
fluid.

Of the five clusters containing both drilling

fluid and rock isolates, three contained DFA isolates.
It would not be unexpected for the DFA and rock
isolates to cluster because circulating drilling fluid
may have picked up indigenous rock organisms during
the coring process. Three clusters contained DFB
isolates and rock organisms, either mined or cored.
It is important to note that the water used in the
drilling fluid was taken from NTS wells that were
drilled in geological environments similar to the one
sampled here, and they may have contained similar
microorganisms.
Caution should be taken in evaluating cluster
diagrams.

These cluster analyses, while aiding in

comparison of samples, were conservative because they
were based on only 30 morphological and physiological
parameters.

Further,

not only did cluster analyses

underestimate bacterial diversity, but much of the
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potential community may not have been cultured
(direct cell counts were higher than culturable cell
counts). Two approaches could be used to better
characterize natural environments.

1) more detailed

analysis of each isolate, eg., fatty acid methyl ester
analysis, BIOLOG metabolic testing or genetic
characterization, could be performed to increase the
precision of cluster analyses ; and 2)

a technique

such as phospholipid fatty acid (PLFA) extraction
could be used to determine microbial abundance and
diversity at a community level, inclusive of nonculturable organisms.

Storage Effects
Both the cored and mined sanples demonstrated
changes in recoverable microbiota after 1 wk of
storage (Table 2) .

Increased culturable count, and

decreased diversity and evenness of microbial
distribution were observed in both the mined and cored
samples.

The number of distinct colony types

decreased in both samples and cluster analysis
demonstrated that most of the isolates (12 of 19
clusters containing 80% of the isolates) were
recovered both before and after storage (Table 5).
is of interest, however, that some bacterial types
were only recovered after storage.

These bacterial
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types may have been rare types that outgrew during
storage

(although stored at a temperature believed to

inhibit microbial growth), or they may have
represented dormant bacterial types that were
resuscitated due to some aspect of sampling or sample
handling [11] .

Conclusion
Mining, although not applicable in many
situations, is a valuable means to obtain
representative subsurface material.

Mined samples

experience decreased contact with contaminating fluids
and they can be processed quickly due to the relative
ease of sampling.

The speed with which samples can

be processed is important for microbiological analyses
because the recoverable microbiota may increase in
abundance vdiile decreasing in diversity.
Additionally, mining allows the ability to sample in
three dimensions, and the ability to obtain sufficient
amounts of sample for extensive
microbiological/geological characterization [9] . The
analysis of core samples can provide valuable data.
In this case, some similarity in recoverable
microbiota was demonstrated, whether samples were
obtained by imining or coring methodologies.
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Figure Legends:
Figure 1.

Nineteen mined (boxed) and four cored

(circled) samples were obtained from the 21 mf rock
section in a statistically designed pattern modified
from Box and Wilson [15] .

Figure 2.

Graphs depict the numbers of distinct

colony types (2a), culturable counts (2b), Shannon
diversity indices (2c) , evenness indices (2d), and
direct counts (2e) of cored samples (dashed lines) as
compared to minimum and maximum values of the same
parameters measured on the mined samples (solid lines)
taken within the same rock face.
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Table 1. Comparison of the interstitial pore bromide concentration of
cored and mined samples®.
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® The concentration of bromide in the coring fluid was 26 mg» 1 ' and
natural concentrations of bromide in the groundwater have been
determined to range from 0.1 to 0.05 mg* l'^.
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Table 2. Microbiology of cored and mined rock, both before and after storage,
and drilling fluid, both before and after circulation.
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N19

N49

NC27

NC57

DFB

DFA

Culturable
Count •

4.17

5.30

4.61

5.04

6.58

7.89

Shannon
Diversity

1.93

1.00

1.96

1.54

2.08

2.04

Evenness

0.66

0.42
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0.62

0.77

0.74

Distinct
Colony
Types
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0

0

40

12.5
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Strains'*

Culturable counts are expressed as log colony forming units per gdw and ml in
drilling flu id .
^ Strains were no longer culturable on R2A agar after initial recovery.
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able 3. Relatedness clusters of isolates recovered from mined and cored
samples.
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Table 4. Relatedness clusters of isolates recovered from mined, cored,
and drilling fluid samples.
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Table 5. Relatedness clusters of isolates recovered from mined, cored and stored samples.
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A(l)
B(l)
C(2)

D(2)
E(7)
F(5)
G(7)
H(3)
1(4)
J(4)
K(5)
L(2)
M(2)
N(2)
0(4)

P(2)
0(3)
R(l)
S(2)
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C/)
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APPENDIX IV
STAKVATION-SURVIVAL OF DEEP
SUBSDPFACE ISOLATES

This appendix has been published in Current
Microbiology and is presented in the style of that
journal. The conplete citation is:
Amy, P. S., C. D. Durham, D. Hall, and D. L. Haldeman.
1993. Starvation-survival of deep subusrface
isolates. Curr. Microbiol. 26:345-352.
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Abstract
Six deep subsurface endolithic isolates were
subjected to starvation conditions for up to 100 d in
artificial pore water; formulated to mimic in situ
geochemical conditions in the nearly saturated rock.
Most isolates demonstrated the typical starvationsurvival curve for chemoheterotrophic bacteria and all
became miniaturized during starvation.

Starvation

indices were developed to conpare changes in viable
cell count between isolates.

Two isolates retained

higher viability after 100 d starvation-survival.
High survival correlated with sustained respiration,
measured by INT-formazan production, during
starvation.

In all but one case, isolates plated on

two nutritionally dilute media, metal-containing and
ant ibiot ic -containing media, showed similar viable
counts.

Introduction
Viable microorganisms have been found at 450 m
depth in the rock matrix of Rainier Mesa, Nevada Test
Site and from other deep environments at Department of
Energy sites idiere subsurface research is on-going
[1,4, 6,8,9,11] . The subsurface environment of the
U12n tunnel system in Rainier Mesa, water-saturated
rock matrix of ashfall tuff.

The diagenesis of the
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rock was 12-14 million years ago, formed by layering
of ash from successive volcanic eruptions [24].
Although it cannot be ruled out that the in situ
bacteria have been present since colonization of the
cooled ashfall and subsequent overlaying by later
volcanic events, the most probable mechanism for
bacterial presence in the rock matrix is through
transport with water.

Geologists at the Nevada Test

Site believe that pore water in the ashfall tuff
matrix may be several million years old; the process
of zeolitization has altered the porosity such that
further water transport is unlikely [1] . This
situation represents perhaps one of the oldest natural
starvation- survival experiments ; the viable bacteria
from the rock matrix have been in place without
nutrient flux for an extremely long period of time.
Little is known about the microbial communities
of deep subsurface environments and the ability of
these organisms to survive in endolithic niches.
Nearly all natural environments are at least
periodically oligotrophic [21], yet the study of
bacterial survival under low or no nutrient conditions
has primarily involved marine bacteria [2-3,14,17].
The oceans are stable oligotrophic environments, where
bacteria travel in large water masses for decades to
centuries without significant input of nutrients
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The starvation-survival patterns of bacteria
isolated from the subsurface rock matrix of Rainier
Mesa is the subject of this study.

The starvation-

survival characteristics of subsurface endolithic
isolates are discussed in cottparison to marine
microorganisms previously described.

Materials and Methods
Cultures. The sarrpling and purification of endolithic
isolates from Rainier Mesa has been described by Any
et al. [1] .

Isolates were purified from rock sattples

taken 450 m below the surface in U12n tunnel system
(area N05) of Rainier Mesa, Nevada Test Site.

They

were originally isolated on R2A agar plates (Difco)
and cryopreserved

in 10 % final concentration

glycerol at -70 C. Isolates tested include subsurface
isolates N05R2, N05R4, N05R5a, N05R7, N05R8, N05R9,
and a Pseudomonas fluorescens from a surface
environment.

Starvation procedure.

Cells were grown to mid-log

phase in filtered (0.2 um Gelman) R2B [1] at 25 C and
shaking at 150 rpm.

Cells were washed twice in an

equal volume of nutrient-free artificial pore water
(APW)

[1] . The washing procedure was carried out by
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centrifugation of cell suspensions at 3020 x g for 8
min at 15 C, decanting the supernatant and
resuspending the cells at 1:8 to 1:10 dilution from
the original growth medium in APW (10 ’ to 10 ®
cells/ml) .

Flasks were gently shaken (100 rpm) at 25

C and sarrples removed aseptically at designated times.

Cellular Measurements During Starvation.

The

starvation cultures of subsurface isolates were tested
for viable cell count, total cell count,
iodonitrotetrazolium (INT)-formazan production from
INT-violet, and recovery on selected metal and
antibiotic -containing media.

Pseudomonas fluorescens

was tested for viable cell counts on R2A agar.
For viable cell counting, sarrples were diluted in
APW and spread-plated on R2A and D2A agar (1:10
dilution of R2A) .

Subsurface isolates, resistant to

specific metals or antibiotics at the time of
isolation, were also plated onto metal or antibioticcontaining R2A agar to evaluate resistance expression
during the starvation process.

The final

concentrations of metals or antibiotics in R2A agar
were: Aitpicillin, 50 ug/ml and Nalidixic acid, 15
ug/ml [15] ; HgClj, 0.75 mM and ZnClj, 10 irM [1] .
After incubation at 25 C (up to 2 weeks for some
treatments), triplicate plates were counted; the
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values averaged and multiplied by the dilution factor.
The acridine orange direct count method of Zimmerman
and Meyer-Reil [26] was used for determining total
cell counts and relative size changes during
starvation.

Slides were viewed using a Nikon Cptiphot

epifluorescence microscope fitted with a B-2A filter
block. Respiratory activity was measured by the
modified method of Amy et. al. [3] . Starvation
culture (1 ml) was concentrated by centrifugation at
3,000 X g in a microcentrifuge (Tomy,MC 150) for 5
min, the supernatant was decanted, the cell pellet was
resuspended in 0.5 ml APW with 0.1 ml 0.2 % INT-violet
solution, and the optical density (600 nm) was
determined after 30 min of incubation at 24 C.

Results
The survival curves for the isolates exhibited
increases in viable cell count within 2-3 d of
initiation of starvation (Fig. 1) . The magnitude of
the initial increase in viable cells differed for each
isolate and was followed by varying degrees of viable
cell loss.

Isolates N05R4 and N05R5a (Fig. 1 A and B)

reached a plateau in viable cell count within 14 to 20
d, with a further loss in viability seen after ca. 70
d starvation.

In contrast, isolate N05R8 (Fig. 1C)

reached its plateau in viable cell count by day 14,
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and remained constant for ca. 100 d.

The survival

curve of isolate N05R9 followed that of isolate N05R8.
Isolate N05R7 (Fig. ID) did not exhibit a typical
heterotrophic starvation survival curve [2] ; no drop
in viable count was obseirved within the first week of
starvation, and the viable count demonstrated a
gradual reduction throughout the rest of the
e^pieriment (122 d) . Pseudcmonas fluorescens displayed
the typical starvation pattern of heterotrophic
bacteria; a peak viable cell count value at 2 d
followed by a loss of viable cell numbers reaching a
short plateau from week 2 to week 4, and a gradual
loss of viability until the end of the experiment (8
weeks).
When viewed microscopically, acridine orangestained preparations demonstrated change in cell size
during starvation (Fig. 2) . All isolates exhibited
miniaturization.

Cell lysis was not observed during

starvation- survival ; total cell counts did not
decrease after the viable cell counts reached their
plateau (data not shown).
A survival index was calculated at the time of
the peak viable count, and at 1, 2, 4 and 14 weeks
after the initiation of starvation.

The index value

was determined as the percentage viable count at a
specific week conpared to the viable count at
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initiation of starvation (Table 1) .

The peak viable

cell indices were obtained between 2 to 3 d of
starvation-survival, and ranged from 113 to 275
percent.

No significant correlations were observed

when the peak viable cell indices were conpared to
indices at 1, 2, 4, or 14 weeks.

The one week index

values ranged from 26 to 159 percent of the initial
viable count, but did not represent values within the
viable cell plateau regions described above.

Between

2 and 4 weeks, most cultures were within the plateau
region of their starvation curves.

Strong

correlations were observed between week 1 and week 4
index values (R^ = 0.92), and between week 4 and week
14 index values (Rz = 0.95) . The correlations were
performed excluding isolate N05R7 index values,
because it did not exhibit a typical survival curve
for heterotrophs.
When starvation cultures were plated on dilute
R2A agar (D2A), antibiotic- or metal-containing
plates, the viable cell counts were conpared to the
viable cell counts on R2A.

The ratios obtained are

listed in Table 2 and are graphically presented in
Figure 1.

There was no difference observed between

the starvation-survival of any of the tested cultures
on R2A or D2A.

In most instances the isolates

retained the ability to grow on antibiotic -containing
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media during the course of the experiment as
exemplified by N05R5a (Fig. IB) and N05R8 (Figure 1
C) .

The ability to grow on artpicillin-containing

medium decreased with isolate N05R4 after 60 days
starvation (Figure lA) . Thirty two colonies were
randomly chosen from R2A agar plates of N05R4 (plated
on day 100) and were transferred to aitpicillincontaining medium.

All 32 colonies were capable of

growth on the antibiotic -containing medium after
intermediate growth on R2A, indicating their continued
resistance to aitpicillin, but inability to recover on
an airpicillin-containing medium without resuscitation.
Cultures initially capable of growing on nalidixic
acid-containing medium retained that ability
throughout starvation-survival (N05R8 and N05R9) .
Zinc resistance was maintained by isolate N05R9 for 2
weeks and was held at > 60%

for the remainder of the

experiment (graph not shown. Table 2) .
INT-formazan produced by starving cells
demonstrated a similar pattern throughout starvation
for every isolate (Fig. 3) . The pattern included a
peak of INT production very early in the starvation
process (0 to 4 d), followed by a drop in respiratory
activity, which continued in a steady plateau for the
duration of the experiment.

Isolates N05R8 and N05R9

(Fig 3A and 3B) demonstrated the highest percentage
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survival, 42 and 44 %, respectively (Table 1.), and
continued to produce INT-formazan at a higher level
than N05R4 and N05R7 (Fig. 3C and 3D) during the
course of the experiment.

The INT production with

N05R2 and N05R5a also fell dramatically and remained
low throughout the experiment (data not shown) .
The maximum (peak) and plateau INT-formazan
absorbance values were determined for each of the
isolates (Table 3).

The plateau values were

calculated by averaging INT values from day 10 of
starvation through the end of the esqjeriment.

The

plateau index was calculated by dividing the plateau
INT-formazan value by the peak INT-formazan value.
The plateau index provided normalization of the
plateau INT-formazan values so cell cultures of
different original cell densities could be compared.
A correlation was observed between the INT plateau
index and the survival index at 4 weeks (R^ = 0.83) ,
indicating cultures capable of higher sustained levels
of respiration (INT-formazan production) were most
capable of starvation-survival.

Discussion
The N05 isolates were cultured from nearly
saturated subsurface rock taken from a perched water
zone at ca. 400 m depth.

In water-saturated rock
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samples, bacteria would presumably be found either in
uhe pore spaces or attached to rock grains.

In either

situation, the in situ bacteria would be in an aqueous
environment. The chemical composition of typical pore
water from Rainier Mesa has been previously reported
[1] . This formulation was used to define the
composition of a carbon-free artificial pore water
(APW) which was used to promote starvation of
bacterial isolates.
The N05 isolates were selected for starvationsurvival because previous evidence suggested that
these bacteria were entrained in the subsurface rock
matrix for a long period of time [1] . These isolates
were shown to be different than organisms cultured
from free-flowing fracture water; more recently in
contact with the surface [1] .
Attempts at identifying the isolates (all gram
negative) by API-rapid NFT, MIDI fatty acid methyl
ester analysis, and in some cases, by BIOLOG metabolic
analysis have previously been reported [1] . API-rapid
NFT identified N05R4 and N05R5A as Pseudomonas
vesicularis to good and acceptable levels of
confidence, respectively, whereas BIOLOG identified
the same isolates as Sphingobacterium multivorum-like
to good and poor levels, respectively, and MIDI
recognized them as S. multivorum, but to low certainty
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values [1].

No other isolates were identified by any

of the three systems except N05R9, which was
subsequently found to be related to Arthrobacter after
16s rDNA. sequencing [1] . Gram positive bacteria that
consistently stain Gram negative have previously been
isolated from the subsurface [1] . A surface
Pseudomonas fluorescens strain, used for comparison in
this study, was chosen because this species has been
commonly isolated from subsurface environments [4] .

The starvation- survival patterns described herein
for endolithic deep subsurface bacteria are believed
to be the first reported on this topic.

Much of the

starvation-survival literature has centered on marine
microorganisms [2-3,17,19,20].

Marine bacteria have

been shown to exhibit one of three distinct patterns
of survival [2] .

In this study, all but one of the

isolates displayed the typical heterotrophic
starvation-survival pattern; a peak in viable count
followed by a rapid loss in viability reaching a
plateau value.

Isolate N05R7 displayed a constant,

slow decline in viable cell count from the peak viable
count value throughout starvation.

For all bacteria

tested, 60 days of starvation appeared to be a
critical time, after which the viable count either
held steady or began a second decline phase.
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Pseudomonas fluorescens demonstrated a second decline
phase after 4 weeks of starvation, resulting in poorer
survival than several of the deep subsurface isolates,
specifically N05R8 and N05R9.
Similar to previous reports in marine systems
[3,18,23] subsurface isolates miniaturized during
starvation.

Miniaturization follows the process of

cell fragmentation which occurs shortly after the
initiation of the starvation process.

A further

decrease in cell size is observed as structural
protein is consumed [3] . Each of the isolates in this
study became smaller during starvation.

In the case

of N05R7, the process of starvation decreased the
tendency of the culture to clump.

This may have been

due to the utilization of extracellular polymers
during starvation or by some other mechanism.
Bacteria have been demonstrated to change their
adhesive properties under starvation conditions
[14,25] .
Some organisms require low nutrient media for
recovery from oligotrophic environments [12] , and most
environmental microorganisms are believed to be in a
nutritionally deprived state [21].

Therefore, two low

nutrient media were used to recover bacteria during
starvation, R2A and 1:10 diluted R2A (D2A) . R2A was
developed by Reasoner and Geldreich [22] for the
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optimum support of microorganisms from potable water.
It contains a variety of carbon sources and has been
shown to support the growth of subsurface isolates
(1) . R2A and D2A equally supported the recovery of the
subsurface isolates throughout starvation.

D2A was

not a better medium for the initial isolation of
subsurface bacteria from rock [unpublished data] nor
was it superior for the recovery starved bacteria.
The antibiotic- and metal-containing media
supported the recovery of specific isolates throughout
starvation; in most cases, the viable counts were
comparable to viable counts on unamended R2A.

Only

isolate N05R4 lost its ability to grow on airpicillincontaining medium with time.

Colonies of isolate

N05R4 retained their ability to express arrpicillin
resistance after resuscitation on R2A, but were unable
to recover on the selective medium directly from the
starvation culture.

The loss of ability to grow on

selective medium during starvation has been previously
described by Caldwell et al. [7] . This type of
response has also been demonstrated with Escherichia
coli injured in the water treatment process [5] . In
the case of E. coli, cells were only capable of growth
on selective media after resuscitation under nonselective conditions.

Isolate N05R4 may have been

injured by the starvation process, and therefore, may
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have required resuscitation on a non-selective medium
in a similar manner.
The survival index reported in Table 1 shows a
correlation between the values at weeks 2 and 4 and
the ability of the isolate to remain viable for 100 d,
but only for those isolates demonstrating the typical
heterotrophic starvation-survival curve.

The index

values at 2 and 4 weeks served as a predictor of
survival success in long-term starvation for these
isolates.

N05R8 and N05R9 proved to survive best in

the conditions provided, and their index values at
weeks 2 and 4 predicted their success.

However, if

the starvation-survival curve pattern is not known, no
single or pair of index values could be used to
predict the success of an isolate in long-term
starvation-survival.

Additionally, although the

longest surviving cells demonstrated the highest
sustained production of INT-formazan, the INT index
proved to be less valuable as a predictor of long-term
starvation-survival than the survival index values.
The starvation-survival patterns, miniaturization
of cells and continued respiratory activity in
subsurface bacterial isolates are starvation-survival
traits seen in marine bacteria
[2,3,14,17,18,19,20,23,25] .

If the subsurface

isolates are very old, and have been in a relatively
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constant water-saturated endolithic environment for
much of their survival time, as evidence suggests [1],
one might expect a high maintenance of viability
during starvation.

Indeed some of the isolates

demonstrated survival at the 40% level after 14 weeks
starvation, yet others, recovered from the same rock
saitple, survived relatively poorly.

Pseudcmonas

fluorescens, used here as a known surface soil
control, also retained higher viability than some of
the subsurface isolates at 4 weeks starvation.

Many

of the deep marine isolates (1700 to 4300 m) described
by Amy and Morita [2] survived better than those in
this study.

One reason for the discrepancy may be the

need of endolithic isolates to adhere to particle
surfaces even when in water-saturated pore spaces ;
this hypotheses is currently being tested.
Little is known about the long-term survivability
of terrestrial microorganisms and the conditions under
vdiich they withstand lack of nutrients for long
periods of time.

One study of the survival of a soil

bacterium, Arthrobacter crystallopoietes, under
aqueous nutrient-free conditions, described cells
surviving well in a buffered solution for 28 d;
followed by a constant decrease in viability
throughout the remainder of the experiment (80 d) [10] .
Other conditions in which the cells were suspended in
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unbuffered distilled water, led to rapid death of
vegetative cells.

lacobellis [13] reported the

survival of the common epiphyte, Pseiidcmonas syringae,
in distilled water for 27 years, but not the
percentage viability remaining at the end of the
experiment.

The strategy to overcome extinction under

nutrient-poor conditions may differ for individual
species in natural environments.

Regardless of the

strategy, ie., the maintence of few or many starving
cells, the survival of only a few cells may provide
the potential for recolonization when nutrients once
again become available.
Indices such as described here may prove useful
in evaluating and predicting the survival success of
large numbers of isolates.

Once the survivability of

more isolates can be assessed, a further understanding
of subsurface microbial ecology may be possible.

This

would be especially significant in environments
thought to contain bacteria of ancient origin.
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Figure legends
Fig. 1.

Starvation-survival curves demonstrating

changes in viable cell counts with time.

Viable cells

were recovered on R2A (0), D2A (•), atrpicillincontaining R2A (■ ), or nalidixic acid-containing R2A
(□) . A = isolate N05R4, B = isolate N05R5a, C =
isolate N05R8, D = isolate N05R7.

Fig. 2. Changes in cell size from initiation of
starvation (A) to 47 days (B) for isolate N05R8, and
initiation of starvation (C) to 111 days (D) for
isolate N05R4.

The bar represents 10 um.

Fig. 3. The pattern of INT-formazan production during
starvation-survival. A = isolate N05R8, B = isolate
N05R9, C = isolate N05R4, D = isolate N05R7.
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Table 1. Percentage of initial viable count during starvation-survival
Percent of Initial Viable Count

8
■D

Isolate

Peak

Week 1

Week 2

Week 4

N05R2

139
(2)"

71

30

23

N05R4

140
(2 )

55

37

4

0.3

N05R5a

163
(2 )

26

1

1

0.1

N05R7

159
(2 )

159

93

83

17

N05R8

112
(3)

88

54

40

42

N05R9

275
(3)

143

45

57

44

P .fluorescens

177
(2 )

85

63

33

3
.
3"
CD
CD

■D
O
Q.
C

a
O
3
"O
O
CD
Q.

■CDD
C/)
C/)

Week 14

14
(54)k

^ The values in parentheses are the nuiber of cfeys of starvation-survival to
reach the peak maximum number of viable cells/ml.
^ Total days of starvation-survival.
ii^
00

CD
■D

O
Q.
C

8
Q.
■CDD
C/)

W

o"
3

0
3
CD

Table 2.

8
■D

Proportion of the viable cell count in a particular test
compared to that on R2A.

(O '

N05R4

3"

1
3

Time

D2A

Amp®

N05R5a
D2A

Amp

N05R7
D2A

D2A

N05R8
Nal^

N05R9
D2A

Nal

Zn^

CD

"n

c
3
.
3"

TJ-zero

1.2

1.1

1.0

1.0

1.0

0.8

0.9

"i*!week

1.2

1.4

1.2

1.0

1.0

0.9

0.8

1.2

1.1

1.0

(0.1)®

1.1

1.0

1.0

1.1

1.0

1.0

0.9

0.9

CD

■CDD
O
Q.

^2 week

0.8

1.1

1.4

0.9''

C

a
O
3
■D
O
CD

Q.

■CDD
(/)
(/)

^4 week

1.2

0.7

0.8

0.9

1.3

1.1

1.1

1.0

0.9

0.6

T final

0.6

0.004

0.9

0.8

1.0

1.0

1.0

1.1

1.1

0.7

® ampicillin-containing R2A
^ nalidixic acid-containing R2A
^ zinc-containing R2A
value at day one instead of time zero.
® very low value due to slightly higher viable count on R2A and
unusually low count on ampicillin-containing R2A. See Figure 1.
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